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RE´SUME´
Les bilans de matie`re entre le continent et l’oce´an ainsi que les transformations bioge´ochi-
miques aux interfaces coˆtie`res sont au cœur des proble´matiques actuelles de recherche,
duˆ a` la vulne´rabilite´ de ces syste`mes aux pressions anthropiques et aux changements
climatiques. A l’instar des fleuves, les de´charges d’eaux souterraines sont une source
de matie`re continentale (i.e., matie`re organique, nutriments, contaminants) aux oce´ans
coˆtiers. En pre´sence d’aquife`res coˆtiers connecte´s a` l’oce´an, les e´coulements d’eaux
douces souterraines se me´lan-gent aux eaux sale´es qui envahissent l’aquife`re dans les
se´diments perme´ables. De´finis comme des estuaires souterrains, ces syste`mes sont le
lieu de re´actions chimiques qui modifient la composition des de´charges d’eaux souter-
raines et controˆlent ainsi les flux de matie`re aux oce´ans. Peu conside´re´es dans les bi-
lans globaux, les de´charges d’eaux souterraines constituent une voie majeure d’e´change
entre le continent et l’oce´an et peuvent alte´rer la sante´ des e´cosyste`mes coˆtiers.
L’objectif de cette the`se est de dresser un portrait exhaustif de la dynamique bioge´ochimi-
que des compose´s au sein d’un estuaire souterrain nordique. Pour re´pondre a` cet ob-
jectif une e´tude approfondie a e´te´ re´alise´e sur un estuaire souterrain aux ıˆles de la
Madeleine (Que´bec, Canada). Un suivi printanier des eaux souterraines, pre´leve´es le
long d’un transect perpendiculaire a` la ligne de rivage, et des sources, alimentant l’es-
tuaire souterrain (i.e., puits et eau de mer), a e´te´ re´alise´ pendant quatre ans. Les pa-
rame`tres physiques, chimiques et biologiques ont e´te´ analyse´s pour constituer une base
de donne´e comple`te.
Dans le chapitre 1, les indices optiques de la matie`re organique dissoute colore´e (CMOD)
ont e´te´ utilise´s pour de´terminer l’origine et les processus de transformations de la
matie`re organique dissoute (MOD) le long de l’estuaire souterrain. Le temps de re´sidence
et les conditions sub-oxiques cre´ent un environnement favorable pour les processus de
transformations des compose´s. Ainsi les modifications de concentration de la MOD
re´sultent de transformations bioge´ochimiques et non d’une dilution entre les eaux douces
souterraines et les eaux sale´es. L’estuaire souterrain est une zone de production ou` l’hy-
drolyse d’anciens sols forestiers entraine la formation de MOD de haut poids mole´culaire
a` forte aromaticite´. L’estuaire souterrain est ainsi une zone de production de MOD et
une source potentielle de MOD terrige`ne a` l’oce´an coˆtier.
Dans le chapitre 2, la dynamique des espe`ces azote´es confirme que l’estuaire souter-
rain est une zone bioge´ochimique active. Alors que les eaux douces souterraines en
provenance de l’aquife`re coˆtier transportent d’importantes concentrations de nitrate et
d’azote organique dissous a` l’estuaire souterrain, les processus bioge´ochimiques via la
de´nitrification he´te´rotrophi-que me`nent a` une comple`te atte´nuation des nitrates et a` une
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forte production d’ammonium. Les flux d’azote exporte´s a` l’oce´an sont domine´s par
l’ammonium et l’azote organique dissous, l’exportation de nitrates e´tant ne´gligeable.
Cependant la production d’ammonium ne contre balance pas la perte d’azote total ob-
serve´e dans les eaux souterraines, l’estuaire souterrain joue ainsi un roˆle de filtre et
repre´sente un puits d’azote pour l’oce´an coˆtier.
Le chapitre 3 s’inte´resse a` la relation entre les parame`tres environnementaux et le com-
partiment bacte´rien. L’abondance bacte´rienne et la diversite´ bacte´rienne (i.e., distinc-
tion entre deux groupes bacte´riens) sont principalement controˆle´es par la disponibi-
lite´ en carbone organique dissous. La composition mole´culaire de la MOD (i.e., poids
mole´culaire et aromaticite´) ainsi que le gradient de salinite´ sont probablement les deux
parame`tres principaux responsables de la modification de l’abondance et des commu-
naute´s observe´es entre le haut de plage et la zone intertidale. La MOD terrige`ne semble
favoriser les bacte´ries avec un faible contenu en acide nucle´ique (LNA). La qualite´ et
l’origine de la MOD ont ainsi une forte influence sur la structure des communaute´s
bacte´riennes.
La contribution majeure de cette the`se est l’e´tablissement d’un portrait de la dyna-
mique bioge´ochimique d’un estuaire souterrain en milieu nordique. Ce travail de the`se
sert ainsi de point de de´part pour l’e´tude de la vulne´rabilite´ et l’anticipation des mo-
difications des fonctions chimiques des plages de sable en milieu nordique face aux
pressions anthropiques et aux changements climatiques.
Mots cle´s : De´charges d’eaux souterraines, Estuaire souterrain, Matie`re or-
ganique dissoute, Bioge´ochimie, Flux d’azote, Micro-organismes, Environ-
nements nordiques
ABSTRACT
Global budgets at the land-ocean interface as well as the biogeochemical transforma-
tions at the coastal interfaces are currently subjects of research due to the vulnerability
of these systems to anthropogenic pressures and climate change. Like rivers, submarine
groundwater discharge are a source of continental compounds (i.e., organic matter, nu-
trients, and contaminants) to coastal waters. When coastal aquifers are connected to the
ocean, fresh groundwater discharges occur in the coastal ocean. The subterranean es-
tuary, where fresh groundwater and recirculated seawater mix, lead to biogeochemical
transformations that control the chemical composition of submarine groundwater di-
scharge. Submarine groundwater discharges, which are not widely considered in global
assessments, constitute a pathway of exchanges between the continent and the ocean
and can alter the health of coastal ecosystems.
The aim of this thesis is to provide an exhaustive picture of the biogeochemical dy-
namics of compounds within a boreal subterranean estuary. To meet this objective, a
thorough study was conducted within a subterranean estuary on the Iˆles de la Made-
leine (Quebec, Canada). A spring monitoring of groundwater and end-members (i.e.,
wells and seawater) was carried out for four years along a perpendicular transect to
the shoreline. Physical (temperature, salinity and oxygen), chemical (nitrogen, carbon)
and biological (abundance and microbial diversity) parameters were analyzed to form
a complete database.
In chapter 1, the origin and biogeochemical transformations of dissolved organic mat-
ter were assessed by the optical indices of colored dissolved organic matter (CDOM).
Residence time and sub-oxic conditions represented suitable conditions for biogeo-
chemical reactions to occur. Dissolved organic matter (DOM) concentrations changes
result from biogeochemical transformations instead of dilution between fresh ground-
water and saltwater. The subterranean estuary is a production area where the hydrolysis
of old forest soils leads to formation of DOM of high molecular weight with high aro-
maticity. The subterranean estuary is thus a potential source of terrigenous DOM matter
to the coastal ocean.
In chapter 2, the dynamics of nitrogen species confirm that the subterranean estuary
is an active biogeochemical zone. While fresh groundwater from the coastal aquifer
carries large concentrations of nitrates and dissolved organic nitrogen to the subter-
ranean estuary, biogeochemical processes lead to complete nitrate attenuation and a
high production of ammonium. Nitrogen load to the coastal ocean is thus dominated by
ammonium and dissolved organic nitrogen, the export of nitrates being negligible. Ho-
wever, ammonium production does not counterbalance the total nitrogen loss observed
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in groundwater. The subterranean estuary acts as a filter and represents a nitrogen sink
for the coastal ocean.
Chapter 3 focuses on the relationship between environmental parameters and the bacte-
rial compartment. Bacterial abundance and bacterial diversity (i.e., distinction between
two bacterial groups) are mainly controlled by the availability of dissolved organic car-
bon. The molecular composition of MOD (i.e., molecular weight and aromaticity) as
well as the salinity gradient are thought to be the two main parameters responsible
for the change in abundance and communities observed between the landward part of
the beach and the intertidal zone. The terrestrial MOD appears to favor bacteria with
low nucleic acid content (LNA). The quality and origin of MOD thus have a strong
influence on the structure of bacterial communities.
The main contribution of this thesis is the portrayal of the biogeochemical dynamics of
a subterranean estuary in a northern environment. This thesis work serves as a starting
point for studying the vulnerability and the anticipated changes in the chemical func-
tions of sandy beaches in the northern environment due to anthropogenic pressures and
climate change.
Keywords : Submarine groundwater discharges, Subterranean estuary, Dis-
solved organic matter, Biogeochemistry, Nitrogen flux, Micro-organisms,
Northern environments
INTRODUCTION GE´NE´RALE
La compre´hension du roˆle des interfaces continent – oce´an en milieu nordique et la
quantification des e´changes bioge´ochimiques entre le continent et l’oce´an constituent
le cœur de recherche de cette the`se. L’oce´an coˆtier joue un roˆle pre´ponde´rant dans les
cycles bioge´ochimiques et notamment celui du carbone dont c’est un des principaux
re´servoir [plus de 1750 PgC (1015 g) y sont stocke´s, Ciais et al., 2013]. C’est e´galement
un acteur cle´ des e´changes avec les diffe´rents re´servoirs (atmosphe`re, continent), mais
il est aussi directement soumis aux perturbations anthropiques. La migration des po-
pulations humaines vers les zones littorales me`ne a` des changements majeurs de leurs
roˆles e´cosyste´miques (Schlacher et al., 2007). Or, en plus des effets du de´veloppement
touristique et e´conomique, les zones coˆtie`res sont fortement menace´es par les effets des
changements climatiques et notamment par la hausse du niveau marin (Schlacher et al.,
2007).
Aux interfaces continent – oce´an, les fleuves sont les principales sources d’ap-
ports continentaux (matie`re organique, nutriments, contaminants) aux oce´ans. Peu
conside´re´es dans les bilans globaux, les de´charges d’eaux souterraines sont e´galement
une source potentielle de matie`re pour les oce´ans. Ces de´charges d’eaux souterraines se
produisent dans la plupart des coˆtes sous forme de suintements ou de sources a` travers
les se´diments perme´ables. Elles constituent une voie majeure d’e´changes entre le conti-
nent et l’oce´an et influencent l’e´cologie des oce´ans coˆtiers (Moore, 1996). Une modifi-
cation des fonctions bioge´ochimiques de ces syste`mes pourrait avoir des conse´quences
irre´versibles sur les services rendus (recyclage des nutriments et de la matie`re or-
ganique, salinisation des aquife`res coˆtiers, eutrophisation. . .) (Defeo and Mclachlan,
2005; Schlacher et al., 2007). Il devient par conse´quent important d’ame´liorer nos
connaissances sur les fonctions bioge´ochimiques des de´charges d’eaux souterraines a`
l’oce´an coˆtier.
2L’introduction ge´ne´rale de cette the`se de´finit, dans un premier temps, le roˆle des in-
terfaces continent-oce´an a` l’e´chelle du globe et s’attarde sur la place actuelle des
plages de se´diments perme´ables dans les bilans bioge´ochimiques. Une attention par-
ticulie`re sera porte´e, dans un deuxie`me temps, aux estuaires souterrains, ces syste`mes
invisibles qui connectent les e´coulements d’eaux souterraines et l’oce´an coˆtier en mi-
lieu perme´able (Moore, 1996). Le cycle de la matie`re organique dissoute ainsi que les
processus diage´ne´tiques associe´s aux se´diments perme´ables seront ensuite explore´s en
de´tail. Finalement, la proble´matique de recherche ainsi que les objectifs seront expose´s.
Les interfaces continent-oce´an
Le dernier rapport du Groupe d’Experts Intergouvernemental sur l’E´volution du Climat
(GIEC) e´mis en 2014 pre´sente comme une e´vidence l’influence de l’Homme sur le cli-
mat. Les e´missions anthropiques de gaz a` effet de serre sont les plus hautes enregistre´es
et la rapidite´ des changements climatiques observe´s depuis 1950 sur le globe sont sans
pre´ce´dent (i.e., augmentation des tempe´ratures atmosphe´riques et oce´aniques, augmen-
tation du niveau marin ; IPCC, 2014). Les gaz a` effet de serre et principalement le
dioxyde de carbone (CO2) sont mis en cause dans ces changements. Les variations des
concentrations en CO2 dans l’atmosphe`re sont lie´es aux e´changes entre les diffe´rents
re´servoirs de la plane`te (atmosphe`re, hydrosphe`re, lithosphe`re), les transformations na-
turelles dans ces diffe´rents re´servoirs, et les e´missions anthropiques (Fig. 1).
Le cycle global du carbone est ainsi vu comme un ensemble de re´servoirs connecte´s par
des e´changes de matie`re (ou flux). Les transferts du continent a` l’oce´an sont principa-
lement le fait des de´charges de rivie`re, les flux de carbone des rivie`res aux oce´ans e´tant
estime´s a` 0,9 PgC par an (Tranvik et al., 2009). Dans nombre de ces mode`les, les trans-
ferts sont conside´re´s comme passifs (Cole et al., 2007). Or ces voies de transfert sont en
re´alite´ des voies de transformation, jouant un roˆle cle´ dans les cycles bioge´ochimiques.
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Figure 1: Repre´sentation simplifie´e du cycle global du carbone. En noir, les nombres
et les fle`ches indiquent les stocks de carbone en PgC (=1015gC) et les flux es-
time´s pour la pe´riode pre´industrielle (∼ 1750). En rouge, les nombres et fle`ches
indiquent les flux annuels anthropiques sur la pe´riode 2000-2009 (modifie´e d’apre`s
Ciais et al., 2013).
Ajoute´s aux de´gazages du carbone sous forme de CO2 a` l’atmosphe`re et a` l’enfouis-
sement du carbone dans les se´diments, les processus bioge´ochimiques vont modifier
la quantite´ et la composition de la matie`re (carbone, nutriments, me´taux) arrivant aux
oce´ans (Cai, 2011). Ces voies de transfert vont ainsi alte´rer les processus de stockage du
carbone. Ces processus varient naturellement selon le type de milieu et la latitude, cer-
taines zones coˆtie`res e´tant conside´re´es comme des puits, d’autres comme des sources
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Figure 2: Flux des e´changes de CO2 atmosphe`re-oce´an en fonction
de la surface des diffe´rents plateaux continentaux : les syste`mes d’up-
welling, les mers ferme´es, les plateaux continentaux en milieu po-
laire, aux faibles et moyennes latitudes (modifie´ de Bauer et al.,
2013).
de carbone et de CO2 a` l’atmosphe`re (Fig. 2).
Parce que le roˆle des zones coˆtie`res comme sources ou puits de carbone est he´te´roge`ne
d’un environnement a` l’autre et encore largement discute´ (Cai, 2011), il est indispen-
sable d’identifier et de quantifier les processus qui re´gulent les apports de carbone en
milieu coˆtier.
Si un inte´reˆt important est porte´ au cycle du carbone, tous les cycles bioge´ochimiques se
retrouvent e´galement touche´s par les augmentations des pressions anthropiques. C’est
notamment le cas du cycle de l’azote, intimement lie´ au cycle du carbone. La quantite´
d’azote de´livre´e aux oce´ans via les rivie`res a ainsi double´ au cours du 20e`me sie`cle pas-
sant de 34 a` 64 Tg par an et ceci duˆ aux activite´s humaines (agriculture, consommation
d’eau, barrage,. . .) (Beusen et al., 2016). L’ensemble des pressions anthropiques me`ne
5a` une modification globale des concentrations de nutriments et de carbone disponible
dans l’oce´an coˆtier, influenc¸ant directement les cycles bioge´ochimiques et les e´changes
entre les re´servoirs (Thamdrup, 2012).
A l’heure actuelle, le de´fi consiste a` comprendre les transformations
bioge´ochimiques ayant lieu lors du transit des compose´s dans les diffe´rents
syste`mes qu’ils soient continentaux, coˆtiers ou oce´aniques et notamment d’affiner
la quantification des flux de matie`re aux interfaces.
L’interface continent - oce´an est conside´re´e comme une zone de transition critique (Le-
vin et al., 2001). C’est un lieu de nombreux e´changes de matie`re qui jouent le roˆle de
tampon entre le continent et l’oce´an. Ces zones sont au cœur des pre´occupations ac-
tuelles, qu’elles soient e´conomiques ou e´cologiques. Les apports de matie`re terrige`ne
via les fleuves et les eaux souterraines complexifient fortement les processus de pro-
duction et de de´gradation du carbone organique en milieu coˆtier (Cai, 2011; Hedges
et al., 1997). L’accroissement des apports de carbone et nutriments, menant a` une aug-
mentation de la production primaire et a` une diminution des concentrations en oxyge`ne,
est un des principaux facteurs responsables de l’eutrophisation des e´cosyste`mes coˆtiers
(Diaz and Rosenberg, 2008). Le de´veloppement d’algues nuisibles duˆ a` une modifica-
tion des rapports stœchiome´triques des nutriments est e´galement une des conse´quences
des transferts de nutriments du continent a` l’oce´an (Heisler et al., 2008). La source la
plus e´vidente et la plus importante de matie`re aux oce´ans coˆtiers provient des fleuves.
Ces flux sont tre`s diversifie´s a` l’e´chelle du globe et sont estime´s pour le carbone entre
0,7 et 0,9 PgC par an (Cai, 2011; Cole et al., 2007; Meybeck, 1993). Cependant,
d’autres sources existent : les de´charges d’eaux souterraines. Les de´charges d’eaux sou-
terraines se produisent sous la forme de suintements en milieux perme´ables, notamment
le long des coˆtes sableuses ou sous forme de sources principalement dans les syste`mes
karstiques. Ces de´charges sont encore rarement inte´gre´es dans les bilans globaux qui
6conside`rent principalement les transferts de surface (Fig. 1). Or, selon certaines e´tudes,
les de´charges d’eaux souterraines sont des voies d’e´change chimique majeures entre le
continent et l’oce´an coˆtier (Krest et al., 2000; Moore, 1996; Shaw et al., 1998). Il est
aujourd’hui estime´ que les de´charges d’eaux souterraines repre´sentent 2 a` 8% des ap-
ports de rivie`re (Cho and Kim, 2016). Les de´charges d’eaux souterraines peuvent avoir
un impact significatif sur l’eutrophisation des eaux coˆtie`res en modifiant les cycles des
nutriments et du carbone (Charette et al., 2013; Hosono et al., 2012; Null et al., 2012;
Santos et al., 2009; Swarzenski et al., 2001; Valiela et al., 1990; Windom et al., 2006).
Pour affiner les bilans globaux des cycles bioge´ochimiques il est indispensable d’iden-
tifier et de quantifier les voies souterraines de transfert et les me´canismes de transfor-
mation des compose´s aux interfaces continent-oce´an. Les se´diments perme´ables des
plages de sable sont des voies actives de transformations de la matie`re aux interfaces
continent – oce´an. Les processus bioge´ochimiques de ces milieux ont la capacite´ de
modifier la composition des de´charges d’eaux souterraines a` l’oce´an. Or l’invisibilite´
et la difficulte´ d’e´tudier ces syste`mes ont longtemps mene´ a` une me´connaissance de
leur importance dans les bilans ge´ochimiques globaux.
Contribution des se´diments des plages de sable aux cycles bioge´ochimiques
Couvrant les deux-tiers du littoral mondial, les plages de sable suscitent depuis long-
temps un inte´reˆt e´conomique et touristique important (Bascom, 1980). Plus de la moitie´
de la population mondiale re´sidant de´sormais le long des coˆtes, les plages de sable
sont devenues des zones de de´veloppement e´conomique privile´gie´es (Schlacher et al.,
2008). Les services rendus par ces e´cosyste`mes sont nombreux : filtration des eaux,
mine´ralisation de la matie`re organique, refuge de diversite´ animale et ve´ge´tale, protec-
tion contre l’e´rosion, zone de transfert de matie`re entre le milieu terrestre et le milieu
marin, etc. (Defeo et al., 2009; McLachlan and Brown, 2006; Schlacher et al., 2007).
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cinctes. Les plages de sable et les se´diments perme´ables des plateaux continentaux ont
longtemps e´te´ conside´re´s comme des de´serts ge´ochimiques, en raison notamment des
faibles concentrations en matie`re organique et compose´s re´actifs que l’on y rencontre
(Boudreau, 2001). Cette conception errone´e s’ancrait dans l’ide´e que la re´activite´ des
se´diments e´tait de´pendante a` la concentration en matie`re organique particulaire et en
compose´s re´actifs pre´sents dans le milieu. Ces conside´rations, ajoute´es a` la complexite´
des processus physiques, biologiques et ge´ochimiques affectant ces milieux ainsi qu’a`
la difficulte´ technique de mise en œuvre d’outils dans des zones dynamiques, ont mene´
a` un manque d’e´tudes conse´quentes sur la bioge´ochimie des plages de sable et des
se´diments perme´ables en ge´ne´ral. Boudreau (2001), sugge`re que la faible concentra-
tion en matie`re organique observe´e dans les se´diments perme´ables est due a` des pro-
cessus d’oxydation rapide lie´s a` la forte advection existante dans ces environnements,
renversant le concept de de´sert ge´ochimique. Des e´tudes portant sur la ge´ochimie des
se´diments perme´ables ont ainsi montre´ l’efficacite´ des processus de mine´ralisation
de la matie`re organique dans les eaux interstitielles (Bu¨hring et al., 2005; Charbon-
nier et al., 2013; Huettel and Rusch, 2000; Rocha et al., 2009; Rusch et al., 2006;
Santos et al., 2012a). L’advection des eaux interstitielles induite dans les se´diments
perme´ables engendre des gradients de concentration des compose´s re´actifs facilitant
ainsi la de´gradation de la matie`re organique (Huettel et al., 1998). Plus les se´diments
sont perme´ables, plus la contribution de ces se´diments a` la de´gradation de la matie`re
organique est importante (Huettel and Rusch, 2000). Dans les se´diments des plages
de sable, l’advection des eaux interstitielles est favorise´e par les vagues et les mare´es,
entraıˆnant la cre´ation de conditions transitoires. Il est estime´ qu’un volume e´quivalent
au volume de tous les oce´ans du globe est filtre´ a` travers les se´diments perme´ables
des zones coˆtie`res tous les 3000 ans (Riedl et al., 1972). Les vagues et les cycles
de mare´e induisent ainsi un transport advectif favorisant le recyclage des conditions
8bioge´ochimiques des eaux interstitielles du se´diment parfois sur plusieurs me`tres de
profondeur (Huettel and Webster, 2001; Riedl et al., 1972). Les e´changes d’oxyge`ne,
de nutriments, de matie`re organique, et de micro-organismes entre les se´diments
perme´ables des plages de sable et l’oce´an coˆtier sont ainsi favorise´s par l’hydrody-
namisme de ces milieux (Huettel and Gust, 1992; Huettel et al., 1996). Sous l’action
des apports marins par les vagues et mare´es, les se´diments perme´ables peuvent induire
un controˆle important sur la bioge´ochimie des se´diments, les plages de sable sont de
ce fait aujourd’hui conside´re´es comme des re´acteurs bioge´ochimiques dans lesquels la
matie`re organique est efficacement mine´ralise´e (Anschutz et al., 2009; Beck and Brum-
sack, 2012). L’interaction entre les re´actions de mine´ralisation et les flux advectifs dans
les se´diments perme´ables des plages de sable cre´e ainsi des zones re´actives complexes
engendrant des flux bioge´ochimiques a` l’oce´an coˆtier qui doivent eˆtre pris en compte
dans les cycles bioge´ochimiques globaux (Shum and Sundby, 1996; Mellbrand et al.,
2011; Riedel et al., 2011). Pour cela les flux entre les se´diments perme´ables des plages
de sable et l’oce´an doivent eˆtre identifie´s ainsi que les me´canismes bioge´ochimiques
de´terminant la composition chimique des de´charges d’eaux souterraines a` l’oce´an.
Les de´charges d’eaux souterraines a` l’oce´an coˆtier
Les aquife`res sont des syste`mes ge´ologiques perme´ables, sature´s en eau, qui
repre´sentent environ 97% des ressources mondiales d’eau douce non gele´e (Glibert
et al., 2014). Ils contiennent des eaux souterraines provenant des pre´cipitations et de
l’infiltration des eaux de surface. Ils sont de´finis en fonction de leur hydrologie et se
distinguent entre des aquife`res non confine´s (libres), semi-confine´s et confine´s (To´th,
1963). Les eaux souterraines des aquife`res sont connecte´es aux eaux de surface via les
infiltrations de surface, le pompage pour la consommation humaine et industrielle et
les e´coulements d’eaux souterraines (Hancock et al., 2005). Selon le type d’aquife`re,
9les e´changes peuvent se produire a` des e´chelles de temps plus ou moins longues. Ainsi
les aquife`res non confine´s ont ge´ne´ralement un taux de recharge (1-30 cm an−1) et
une vitesse d’e´coulement importante (1-100 m an−1), ceux-ci pouvant re´pondre di-
rectement aux perturbations de surface (e.g., pre´cipitation, fonte des neiges). A l’in-
verse, les aquife`res confine´s sont moins connecte´s et sont donc prote´ge´s des pertur-
bations de la surface, ils sont caracte´rise´s par un taux de recharge plus faible (0,01
– 1 cm an−1) et une faible vitesse d’e´coulement (0,1-1 m an−1). Leur accessibilite´
pour le pompage est e´galement plus de´licate. Dans les sous-sols des zones coˆtie`res
perme´ables, les aquife`res posse`dent souvent des connexions avec l’oce´an permettant
des e´coulements d’eaux souterraines a` l’oce´an coˆtier. Ces interfaces eau souterraine -
eau de mer sont des syste`mes de forte activite´ hydroge´ochimique (Testa et al., 2002).
Le terme de de´charge d’eau souterraine, commune´ment nomme´ SGD pour ”subma-
rine groundwater discharge”, regroupe plusieurs de´finitions, cependant nous utilise-
rons la de´finition la plus re´pandue de´finie par Burnett et al. (2003) : les de´charges
d’eaux souterraines regroupent tous les flux d’eau des marges continentales s’e´coulant
des se´diments a` l’oce´an coˆtier, inde´pendamment de leur composition (e.g., salinite´),
de leur origine et des me´canismes d’e´coulement. Lorsque les se´diments sont sature´s en
eau, les eaux souterraines sont conside´re´es comme les eaux interstitielles des se´diments.
Les de´charges d’eaux souterraines peuvent ainsi eˆtre compose´es d’eau douce et d’eau
sale´e : elles regroupent les e´coulements d’eaux douces des aquife`res et les eaux de
recirculation sale´es (Burnett et al., 2003). Un e´coulement persistant d’eau souterraine
a` travers les se´diments perme´ables se produit en pre´sence d’un gradient hydraulique
positif par rapport au niveau marin, de ce fait quasiment toutes les zones coˆtie`res sont
soumises a` des de´charges d’eaux souterraines (Church, 1996; Moore, 1996; Li et al.,
1999; Taniguchi and Iwakawa, 2001). Ne´anmoins, de nombreux forc¸ages controˆlant
les de´charges d’eaux souterraines aux oce´ans coˆtiers sont re´pertorie´s : les processus
oce´aniques (mare´es, action des vagues et des courants,. . .) et les forces endoge`nes
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(gradient de pression, thermique, densite´,. . .). Santos et al. (2012a) ont de´nombre´ 12
forc¸ages qui se superposent ainsi au gradient hydraulique pour controˆler les de´charges
d’eaux souterraines. Trois types de forc¸ages sont ici de´taille´s (Fig. 3) : 1) le gradient
hydraulique, 2) les pompes tidales et sub-tidales et 3) la convection.
1) Le gradient hydraulique controˆle la vitesse d’e´coulement des eaux douces souter-
raines a` l’oce´an coˆtier. Ces e´coulements se produisent tant que le niveau pie´zome´trique
de l’aquife`re est au-dessus du niveau de la mer. Les flux d’eaux douces souterraines
re´sultent essentiellement d’un e´quilibre entre les gradients de densite´ des eaux souter-
raines et des eaux de mer, de´finit par le principe de Ghyben-Herzberg. Dans un syste`me
a` deux masses d’eaux de densite´ diffe´rente, l’interface eau douce - eau sale´e devrait se
situer sous le niveau marin a` environ 40 fois l’e´le´vation de la surface libre au-dessus du
niveau moyen de la mer. Une modification du niveau pie´zome´trique va alte´rer la loca-
lisation de l’interface eau douce - eau sale´e d’un facteur 40 et modifier le volume des
de´charges d’eaux souterraines. Le gradient hydraulique agit en continu et sur plusieurs
me`tres de profondeurs (Fig.4). Les variations saisonnie`res des niveaux pie´zome´triques
sont ainsi lie´es aux variations saisonnie`res des flux de de´charge d’eaux souterraines
mesure´s (Heiss and Michael, 2014; Michael et al., 2005). Une e´le´vation des niveaux
pie´zome´triques va entraıˆner une augmentation des flux des de´charges, a` l’inverse une
diminution du niveau pie´zome´trique (e´tiage, pompage excessif, e´vapotranspiration)
peut mener a` une intrusion d’eau sale´e et a` une salinisation de l’aquife`re. Les variations
des niveaux pie´zome´triques ont donc une influence directe sur le temps de re´sidence
des masses d’eaux et sur la composition chimique des de´charges d’eaux souterraines.
2) Les pompes tidales et subtidales sont des processus similaires qui controˆlent la recir-
culation des eaux de mer dans les se´diments des plages de sable (Fig.3). Alors que les
vagues (pompe subtidale) agissent en moyenne sur une e´chelle de quelques centime`tres
sur un intervalle de temps de la seconde a` la minute, la pompe tidale peut avoir une in-
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fluence sur plusieurs me`tres de profondeur sur un intervalle de temps allant des heures
au jour (Billerbeck et al., 2006 ; Fig.4). Les mare´es hautes entraıˆnent une infiltration
des eaux de mer dans les se´diments intertidaux et les mare´es basses une exfiltration de
ces eaux (Li et al., 2009; Robinson et al., 2007a). L’infiltration des eaux de mer per-
met le renouvellement des conditions ge´ochimiques des eaux souterraines et cre´e des
e´changes advectifs entre les eaux souterraines et les eaux de surface ; les flux d’eaux
souterraines et de compose´s dissous se retrouvent alors favorise´s a` l’interface eau -
se´diment (Huettel et al., 2003; Rusch et al., 2000). Le volume d’eau de mer filtre´ via
les se´diments de surface des plages de sable par la pompe tidale et la configuration des
vagues est tre`s variable et fonction de la morphologie de la plage, de la perme´abilite´ des
se´diments et des conditions de vagues et mare´es (Santos et al., 2012a). Un effet plus
prononce´ de ces forc¸ages est observe´ dans les syste`mes peu profonds (Boehm et al.,
2006; Santos et al., 2012a). La pompe tidale et la configuration des vagues repre´sentent
une voie importante d’e´change entre les eaux souterraines des se´diments intertidaux et
l’oce´an.
3) La convection est le re´sultat d’une diffe´rence de densite´ entre les eaux souterraines
et les eaux sale´es due a` des gradients verticaux de tempe´rature et salinite´ (Webster
et al., 1996). A l’interface eau - se´diment, la convection peut intervenir dans des en-
vironnements tre`s varie´s et sur une e´chelle de temps tre`s large (Fig.4). A l’inverse des
pre´ce´dents forc¸ages, la convection peut agir sur une e´chelle verticale allant du cen-
time`tre au kilome`tre. Dans les zones intertidales, lors des mare´es montantes, l’arrive´e
des eaux sale´es relativement froides sur le se´diment expose´ au soleil peut mener a` une
brusque inversion de densite´ et entraıˆner des e´changes brusques et brefs entre les eaux
souterraines et les eaux sale´es (Rocha et al., 2009).
L’he´te´roge´ne´ite´ temporelle et spatiale de ces me´canismes complexifient fortement notre
capacite´ a` estimer et pre´dire les flux de de´charges d’eaux souterraines aux oce´ans
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Figure 3: Repre´sentation sche´matique des relations entre les aquife`res coˆtiers, le milieu
marin et les de´charges d’eaux souterraines. Les fle`ches indiquent les forc¸ages controˆlant
les de´charges d’eaux souterraines et le sens des flux ge´ne´re´s. Les e´chelles ne sont pas
respecte´es (modifie´ d’apre`s Taniguchi et al., 2002).
coˆtiers (Fig.4). Or l’ensemble de ces forc¸ages affecte la composition chimique, les
temps de re´sidence et les re´actions bioge´ochimiques dans les eaux souterraines des
se´diments (Moore, 2010a). L’e´rosion continentale, les phe´nome`nes extreˆmes et l’aug-
mentation du niveau marin ajoutent a` la ne´cessite´ d’identifier et quantifier les de´charges
d’eaux souterraines a` l’oce´an coˆtier (Kooi et al., 2000; Moore, 2010b).
La contribution des de´charges d’eaux souterraines aux budgets oce´aniques peut eˆtre
aussi importante que celle des eaux de rivie`re, due a` leur forte concentration en nu-
triments, carbone et me´taux (Burnett et al., 2003; Cole et al., 2007; Glibert et al.,
2014; Moore, 2010a; Maher et al., 2013). L’exportation de carbone vers l’oce´an par
les de´charges d’eaux souterraines est ainsi estime´e entre 0,13 et 0,25 PgC par an (Cole
et al., 2007) et celle de l’azote (principalement sous forme de nitrate) entre 0,001 et
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Figure 4: E´chelles temporelles (ligne bleue) et spatiales (ligne orange) as-
socie´es aux principaux forc¸ages terrestres et marins des de´charges d’eaux sou-
terraines dans les se´diments perme´ables : 1-gradient hydraulique, 2-oscillation
de la nappe, 3-morphologie des vagues, 4-pompe tidale, 5-barrie`re litto-
rale, 6-advection, 7-pompe sub-tidale, 8-rides, 9-cisaillement du courant, 10-
convection, 11-bio-irrigation, 12-de´gazage, 13-compaction, modifie´e de Santos
et al. (2012a).
0,004 PgN par an (Beusen et al., 2013; Voss et al., 2013). Ces sources de nutriments a`
l’oce´an sont tre`s he´te´roge`nes (Tableau 1) et influencent autant les cycles des nutriments
et notamment des nitrates (Kim et al., 2013; Knee and Jordan, 2013; Loveless and Old-
ham, 2010), mais e´galement le transport du carbone organique et inorganique a` l’oce´an
coˆtier (Dorsett et al., 2011; Kim et al., 2012; Maher et al., 2013; Santos et al., 2012b).
La modification des rapports stœchiome´triques notamment due a` des apports supe´rieurs
en azote a un effet direct sur l’e´cologie et notamment sur l’eutrophisation des zones
coˆtie`res (Anderson et al., 2008; Rocha et al., 2015; Valiela et al., 1990). Par exemple
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la modification des rapports peut favoriser le de´veloppement d’algues nuisibles mieux
adapte´es aux exce`s en azote (Diaz and Rosenberg, 2008).
La variabilite´ et l’importance de ces apports refle`tent les processus bioge´ochimiques
dans les eaux souterraines des se´diments perme´ables des plages de sable. La com-
position initiale des eaux douces souterraines et des eaux sale´es va controˆler une
partie de la composition et de la concentration des compose´s dissous exporte´s tout
comme les conditions redox rencontre´es dans les zones de me´lange. Les me´canismes
bioge´ochimiques des zones de me´lange des se´diments perme´ables sont les facteurs
de´terminants de la composition chimique des de´charges d’eaux souterraines.
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Tableau 1: Exemples de flux de carbone et d’azote en mmol j−1 par me`tre line´aire de coˆtea mesure´s dans des de´charges d’eaux
souterraines a` l’oce´an. Les volumes des de´charges d’eaux souterraines sont donne´s a` titre indicatif
Re´gions Volumes d’eaux Carbone Azote Re´fe´rences
mmol C m−1j−1 mmol N m−1j−1
North Inlet, SC, (USA) 11,5 (m3 m2 an−1) 2,4 Krest et al., 2000
Coˆte me´diterrane´enne (Israe¨l) 10 (cm j−1) 1450 Weinstein et al., 2011
Baie de Yeoja (Core´e) 87 (m3 m2 an−1) 26 Hwang et al., 2005
South Carolina (USA) – 4-17 Andrea et al., 2002
Jeju Island (Core´e) 4,5x107 (m3 j−1) 1147 Kim et al., 2013
North Carolina (USA) 1,6x106 (m3) 13 Avery et al., 2012
Waquoit Bay (USA) 4,7 (m3 m1 an−1) 52-210 Gonneea and
Charette, 2014
Turkey Point (USA) 31 -34(m3m1an−1) 3783 – 5382 1130 Santos et al., 2009
Coˆte Atlantique (France) 2,25 (m3m1an−1) 102-410 Anschutz et al., 2016
Oce´an Arctique 13 (m3m−1j−1) 400 Lecher et al., 2016
Golfe de l’Alaska 0.125 (m3m−1j−1) 4300 Lecher et al., 2016
a Flux par me`tre line´aire de coˆte (mmol m−1j−1) obtenue a` partir du flux volume´trique en m3 s−1 divise´ par la longueur du
rivage e´tudie´ en m (Mulligan and Charette, 2006).
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Caracte´ristiques des zones de me´lange
Le me´lange des eaux souterraines et des eaux sale´es dans les se´diments perme´ables
entraıˆne un sche´ma de double circulation similaire aux sche´mas observe´s dans les es-
tuaires de surface caracte´rise´ par des gradients de salinite´ et de tempe´rature. Moore
(1999) introduit pour la premie`re fois le terme d’ `` estuaire souterrain´´ permettant une
conceptualisation de ces syste`mes (Fig.5). S’inspirant de la de´finition d’un estuaire de
Pritchard (1967), les estuaires souterrains sont de´finis comme `` un aquife`re coˆtier ou`
l’eau souterraine issue du drainage des terres dilue de manie`re mesurable l’eau de mer
envahissant l’aquife`re via une connexion directe a` l’oce´an ´´ (traduction libre). Un es-
tuaire souterrain se caracte´rise par (1) un e´coulement d’eau douce issu des aquife`res
coˆtiers, (2) une cellule de recirculation sale´e dans la zone intertidale induite par des
forc¸ages hydrodynamiques, et (3) une zone de me´lange entre les eaux douces et la cel-
lule de recirculation sale´e. Comme pour un estuaire de surface, l’existence d’une zone
de me´lange avec des gradients de salinite´ et de tempe´rature conditionne les re´actions et
modifie la composition chimique des eaux souterraines des se´diments et des de´charges
d’eaux souterraines. Ne´anmoins des diffe´rences vont modifier le fonctionnement des
estuaires souterrains compare´s aux estuaires de surface. Les estuaires souterrains se
de´marquent par un temps de re´sidence plus long, une forte interaction eau - se´diment,
l’absence de contact avec l’atmosphe`re limitant les apports d’oxyge`ne et entraıˆnant des
pressions partielles de CO2 e´leve´es, et la pre´sence de micro-organismes comme princi-
pal composante biologique (Moore, 2010a).
Les de´charges d’eaux souterraines se produisent au niveau de la zone de me´lange et
de la cellule de recirculation sale´e (Fig.6). La localisation et l’e´tendue spatiale de
ces deux zones sont principalement de´termine´es par les e´coulements d’eaux douces,
la perme´abilite´ de l’aquife`re, le niveau marin et le marnage. Les principaux facteurs
re´gulant la localisation des de´charges d’eaux souterraines dans ces syste`mes n’ont e´te´
17
Figure 5: Sche´ma conceptuel d’un estuaire souterrain repre´sentant les de´charges d’eaux
souterraines. Les limites des eaux douces et des eaux de recirculation sale´es varient tem-
porellement et spatialement selon les conditions locales (modifie´ d’apre`s Bratton, 2010).
de´crites que re´cemment (Abarca et al., 2013; Heiss and Michael, 2014; Robinson et al.,
2007a). Ainsi la taille et la surface de la zone de me´lange sont pe´riodiquement affecte´es
par les variations saisonnie`res des niveaux pie´zome´triques, par les amplitudes de mare´e
et le marnage (Heiss and Michael, 2014). Les e´ve´nements extreˆmes (i.e., tempeˆte) per-
turbent le syste`me temporairement et modifient e´galement les flux des de´charges d’eaux
souterraines (Heiss and Michael, 2014; Robinson et al., 2014). Robinson et al. (2007b)
montrent que les amplitudes de mare´es et le gradient hydraulique sont deux parame`tres
controˆlant les flux d’eaux sale´es de la cellule de recirculation. Les de´charges d’eaux
douces a` l’oce´an sont de´limite´es par la cellule de recirculation sale´e et par les eaux
sale´es souterraines. Les de´charges de ces eaux sale´es souterraines sont controˆle´es par
les gradients de pression induits par les e´coulements d’eau douce (i.e., gradient hydrau-
lique). La cellule de recirculation est caracte´rise´e par une infiltration des eaux de mer
et une de´charge des eaux de recirculation induites par la pompe tidale et sub-tidale. Les
compositions de ces de´charges d’eaux souterraines vont eˆtre diffe´rentes selon les temps
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Figure 6: Localisation des de´charges d’eaux souterraines et de leur composition
dans un aquife`re coˆtier non confine´. Les fle`ches entrantes repre´sentent les re´gions
d’infiltration des eaux de recirculation (fle`che verte) et des eaux sale´es souter-
raines (fle`che rouge), (modifie´ d’apre`s Abarca et al., 2013).
de re´sidence, l’origine des sources d’eaux et leur composition chimique initiale.
La re´activite´ biochimique des estuaires souterrains e´tant fortement lie´e aux conditions
dynamiques et aux processus de transport des compose´s, la nature transitoire de ces
syste`mes a d’importantes implications pour les re´actions chimiques (Abarca et al.,
2013). Ajoute´s a` la dynamique physique des estuaires souterrains, de nombreux fac-
teurs comme la ge´ologie, le temps de re´sidence des eaux dans les se´diments, l’e´tat
d’oxyge´nation des masses d’eau, les gradients bioge´ochimiques entre les eaux souter-
raines et les eaux sale´es, et la teneur en matie`re organique affectent le transport des
nutriments et du carbone le long des estuaires souterrains, en complexifiant les pro-
cessus bioge´ochimiques (Charette and Sholkovitz, 2002; Loveless and Oldham, 2010;
Spiteri et al., 2008). Plusieurs e´tudes ont montre´ la re´activite´ bioge´ochimique des zones
de me´lange et les conse´quences sur la composition des de´charges d’eaux souterraines
a` l’oce´an coˆtier (Anschutz et al., 2009; Avery et al., 2012; Burdige, 2002; Andrea
et al., 2002; Kim et al., 2012; Rusch et al., 2006; Slomp and Van Cappellen, 2004;
Valiela et al., 1990). Outre le fait que ces syste`mes participent a` la productivite´ et aux
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cycles bioge´ochimiques des zones littorales, ces e´tudes ont e´galement mis en e´vidence
l’he´te´roge´ne´ite´ du comportement des nutriments et de la matie`re organique a` travers
les estuaires souterrains jusqu’aux de´charges d’eaux souterraines a` l’oce´an coˆtier. Un
transport conservatif du carbone organique dissous et de l’azote total a e´te´ observe´, a`
travers l’estuaire souterrain de l’ıˆle de Jeju [Core´e du Sud ; Kim et al., 2013], de meˆme
Beck et al. (2007) ont montre´ un transport conservatif du carbone organique dissous le
long d’un estuaire souterrain dans la baie de West Neck (USA). Un transport conser-
vatif indique que la concentration des compose´s dissous exporte´s aux oce´ans est le
re´sultat d’une dilution entre les eaux douces souterraines et les eaux sale´es, le transport
dominant sur les processus de transformations bioge´ochimiques. Cependant, une pro-
duction de matie`re organique dissoute a e´te´ mise en e´vidence dans l’estuaire souterrain
de Turkey Point [FL, USA, Santos et al., 2009], et une diminution de la concentra-
tion en nitrate a e´te´ mesure´e, attestant de processus bioge´ochimiques dans l’estuaire
souterrain de la re´gion de Cokburn Sound (Australie, Loveless and Oldham, 2010).
Ces quelques exemples montrent la variabilite´ du comportement des compose´s dissous
dans les estuaires souterrains et l’inte´reˆt d’e´tudier les processus diage´ne´tiques, lors du
transport a` l’oce´an coˆtier via les estuaires souterrains. Comprendre les me´canismes
bioge´ochimiques dans les zones de transition eau douce - eau sale´e des estuaires
souterrains est indispensable pour quantifier les exportations de compose´s dissous
via les de´charges d’eaux souterraines a` l’e´chelle locale et re´gionale.
Me´canismes bioge´ochimiques dans les se´diments perme´ables et les estuaires sou-
terrains
Les processus induisant des changements chimiques et biologiques dans les se´diments
marins sont de´finis par la diagene`se pre´coce. Source importante de carbone, la
matie`re organique (MO) est un facteur cle´ de la diagene`se dans les se´diments. Les
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Figure 7: Repre´sentation sche´matique de la distribution verticale
des compose´s dissous majeurs dans les se´diments (modifie´ de
Kristensen, 2000).
re´actions bioge´ochimiques sont majoritairement ge´ne´re´es par la thermodynamique, la
de´gradation de la MO par les micro-organismes que ce soit en condition ae´robie ou
anae´robie, fournissant l’e´nergie ne´cessaire (Tableau 2). La de´gradation de la matie`re
organique est une oxydation ne´cessitant un accepteur d’e´lectrons. Diffe´rents accepteurs
sont utilise´s selon leur disponibilite´ et leur degre´ d’oxydation. Une se´quence verticale
de re´actions d’oxydo-re´duction re´sulte de l’utilisation d’accepteurs d’e´lectrons fournis-
sant la plus grande quantite´ d’e´nergie. Bien que de nouvelles voies me´taboliques aient
e´te´ observe´es, le mode`le conceptuel propose´ par Froelich et al. (1979) est toujours re-
connu pour expliquer les me´canismes he´te´rotrophes (Fig. 7). Cette se´quence verticale
de´bute par une re´duction de l’oxyge`ne, suivie en profondeur d’une re´duction des ni-
trates, des oxydes de mangane`se, des oxydes de fer, des sulfates puis du dioxyde de
carbone via des processus de me´thanogene`se.
Base´e sur un e´quilibre entre les vitesses de re´actions et l’apport des compose´s, donc
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sur un e´tat quasi-stationnaire, cette se´quence verticale ne peut eˆtre applique´e dans tous
les syste`mes naturels ou` de nombreux forc¸ages (e.g., bioturbation, nature du se´diment,
de´charges d’eaux souterraines, mare´es) perturbent cette stabilite´ (Aller, 1994). Ainsi,
des compose´s re´actifs ou produits de re´actions peuvent se retrouver loin de leur zo-
nation classiquement de´crite, et interagir avec les espe`ces pre´sentes, modifiant la
se´quence diage´ne´tique verticale. Dans ces syste`mes transitoires, des re´actions alter-
natives peuvent se mettre en place (Luther et al., 1997; Sundby, 2006). Ces re´actions
sont thermodynamiquement possibles au pH rencontre´ dans les se´diments marins mais
peuvent e´galement eˆtre catalyse´s par des micro-organismes, augmentant la cine´tique
de re´actions (Luther et al., 1997). Ces re´actions alternatives peuvent concerner le cou-
plage Fe-N, notamment l’oxydation du fer dissous par les nitrates (Hyacinthe et al.,
2001) et l’oxydation anae´robique de l’amonium par le Fe(III) (Yang et al., 2012), mais
e´galement l’oxydation du fer dissous et de l’ammonium par les oxydes de mangane`se
(Anschutz et al., 2000; Luther et al., 1997).
La contribution de ces voies me´taboliques a` la de´gradation de la matie`re organique est
encore de´battue. Ne´anmoins plusieurs e´tudes ont montre´ qu’elles pouvaient eˆtre quan-
titativement importantes (Anschutz et al., 2002; Chaillou et al., 2007; Megonigal et al.,
2004). Les diffe´rentes voies ge´ochimiques de mine´ralisation de la matie`re organique
augmentent alors la possibilite´ d’avoir des interactions entre les cycles.
Dans les estuaires souterrains, les forc¸ages terrestres et marins vont favoriser un e´tat
transitoire des conditions redox des se´diments. Ces perturbations vont agir a` diffe´rentes
e´chelles spatio-temporelles, certaines vont eˆtre continues (e.g., mare´es, variations sai-
sonnie`res), d’autres ponctuelles (e.g., grandes mare´es, tempeˆtes). Identifier les sources
des compose´s dissous pre´sents dans les zones de me´lange des estuaires souterrains est
primordial pour quantifier les transformations dues aux processus bioge´ochimiques.
Les sources de matie`re organique et compose´s dissous aux estuaires souterrains sont
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Tableau 2: Voies d’oxydation de la matie`re organique (MO) e´tablie selon Froelich et al.
(1979) dans les se´diments et exemples de re´actions alternatives conside´re´es dans cette
the`se ainsi que les e´nergies libres de re´action (∆Gr) en kilojoule par mole
∆Gr (KJ
mol−1)
Se´quence d’oxydation de la MO (C106H263O110N16P)
Respiration oxique et production de nitrate
138O2+MO+18HCO3−→ 124CO2+16NO3−+HPO42−+140H2O -479
Consommation des nitrates par de´nitrification
94.4NO3−+MO→ 13.6CO2+92.4HCO3−+55.2N2+84.8H2O+HPO42− -453
Re´duction des oxydes de mangane`se
236MnO2+MO+364CO2+104H2O→470HCO3−+8N2+236Mn2++HPO42− -349
Re´duction des oxydes de fer et production d’ammonia
424Fe(OH)3+MO+740CO2→846HCO3−+424Fe2++16NH3+320H2O+HPO42−-114
Production de sulfide
53SO42−+MO→39CO2+67HCO3−+16NH4++53HS−+39H2O+HPO42− -77
Oxydation du fer par les nitrates
5Fe2++NO3−+12H2O→ 5Fe(OH)3+1/2N2+9H+ -91
Oxydation du fer par les oxydes de mangane`se
Fe2++MnOOH+H2O→Fe(OH)3+Mn2+ -144
Oxydation de l’ammonium par les oxydes de mangane`se
3/2MnO2+NH4++2H+ → 3/2Mn2++1/2N2+3H2O -118
varie´es (i.e., terrestre, marine) et complexifient les re´actions de mine´ralisation. L’ori-
gine et la composition de la matie`re organique sont des facteurs de controˆle reconnus
de la de´gradation (Carlson, 2002). Ces facteurs vont en effet de´terminer sa disponibilite´
pour les processus de de´gradation ou sa capacite´ a` eˆtre pre´serve´e dans les se´diments
marins.
La matie`re organique dissoute (MOD) dans les e´cosyste`mes aquatiques constitue une
des plus importantes sources de carbone a` l’e´chelle du globe, estime´e a` 662 PgC, soit
l’e´quivalent de la quantite´ de carbone inorganique atmosphe´rique (Hansell et al., 2009;
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Hedges, 1992). La MOD a une influence conside´rable sur le cycle du carbone et la pro-
ductivite´ des e´cosyste`mes en milieu marin, plus de 97% du carbone organique existant
sous cette forme (Benner, 2002; Battin et al., 2009). En zone coˆtie`re, les apports de
MOD terrige`ne par les fleuves peuvent s’e´lever a` 0,25 PgC par an (Cai, 2011).
La MOD est un assemblage diversifie´ de mole´cules d’origine organique dont le prin-
cipal composant est le carbone. Sur le plan physique, les mole´cules qui composent
la MOD constituent la fraction de la matie`re organique de taille infe´rieure a` 0,2 ou
0,7 µm [de´pendamment du filtre utilise´ GF/F (Glass Fiber Filter)], la matie`re orga-
nique particulaire (MOP) constituant l’autre fraction. D’un point de vue chimique,
la MOD est hautement complexe, avec plus de 1500 compose´s identifie´s par spec-
trome´trie de masse (Seitzinger et al., 2005) et seulement 4 a` 11% identifiables par ana-
lyse mole´culaire (Benner, 2002). Ne´anmoins, le de´veloppement technologique affine
chaque jour l’identification des compose´s avec notamment des avance´es dans l’ana-
lyse a` ultra-haute re´solution FT-ICR-MS (Fourier Transformation Ion Cyclotron Re-
sonance Mass Spectrometry) (Nebbioso and Piccolo, 2013). D’autres techniques uti-
lisent e´galement les proprie´te´s optiques de la MOD pour caracte´riser la composition
mole´culaire. Repre´sentant une fraction de la MOD totale, la matie`re organique orga-
nique dissoute colore´e (CMOD) est un des constituants majeurs de l’absorption de
la lumie`re en milieu marin (Coble, 2007). Les proprie´te´s optiques du CDOM sont
de´pendantes de la composition mole´culaire et de l’origine de la MOD, permettant ainsi
l’utilisation du CMOD comme outil de mesure de la MOD (Coble, 1996; Stedmon
et al., 2000). Des mesures d’absorptions et de fluorescences permettent d’e´tablir des
indices optiques renseignant a` moindre couˆt sur l’origine et la composition mole´culaire
de la MOD en milieu marin (Burdige et al., 2004; Yamashita et al., 2008).
Le re´servoir de MOD est divise´ en deux grands groupes, se´pare´s selon leur origine et
leur poids mole´culaire (Coble, 1996; Stedmon et al., 2003) : (1) la MOD d’origine ter-
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rige`ne et (2) la MOD d’origine marine.
(1) la MOD d’origine terrige`ne est principalement issue de la dissolution de la matie`re
organique des sols, de l’e´rosion, et des ruissellements provenant des zones terrestres.
Elle est caracte´rise´e par sa composition en acides humiques et fulviques avec un poids
mole´culaire e´leve´ (Benner et al., 2005; Stedmon et al., 2003).
(2) la MOD d’origine marine provient de la production primaire par les macrophytes
et le phytoplancton du milieu marin (Romera-Castillo et al., 2014). Cette MOD se dis-
tingue par sa composition en acides fulviques, prote´ines et acides amine´s de faible poids
mole´culaire (Benner, 2002).
La de´gradation et l’assimilation de la MOD par les micro-organismes he´te´rotrophes
de´pendent de l’origine de la MOD, les mole´cules de faible poids mole´culaire e´tant
favorise´es du fait d’une de´gradation ne´cessitant moins d’e´nergie (Amon and Benner,
1996). Ces diffe´rences dans la composition mole´culaire sont responsables de classes
de re´activite´ (ou d’efficacite´ d’assimilation) diffe´rentes. Trois classes de re´activite´
de´terminent le potentiel de de´gradation de la MOD : labile, semi-labile et re´fractaire.
Chaque classe est de´finie selon la composition mole´culaire et le taux de renouvellement
de la MOD, ce dernier variant de l’heure au mille´naire (Carlson, 2002). La dynamique
de la MOD re´sulte ainsi du couplage entre processus de production et processus de
de´gradation (Carlson, 2002)(Fig. 8).
Dans les se´diments, la de´gradation de la MOD est principalement initie´e par les
bacte´ries, la me´iofaune et la macrofaune y participant dans une moindre mesure (Azam
et al., 1983; Carlson, 2002). La MOD fournit de l’e´nergie et des nutriments pour les
bacte´ries he´te´rotrophes (Mladenov et al., 2007) et influence la composition des com-
munaute´s bacte´riennes (Findlay and Sinsabaugh, 2003; Kritzberg et al., 2005).
Le terme communaute´ bacte´rienne, en e´cologie microbienne, peut de´signer des assem-
blages d’espe`ces bacte´riennes qui sont en interaction dans un meˆme e´cosyste`me, mi-
lieu, habitat et/ou qui partagent une meˆme fonction (Webster et al., 2003). Aujourd’hui
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Figure 8: Repre´sentation sche´matique de la production et de la de´gradation
de MOD dans les eaux interstitielles des se´diments marins. La fle`che bleue
repre´sente le facteur dominant de consommation de la MOD, les fle`ches
en pointille´s sont associe´es aux infections par les virus (modifie´e d’apre`s
Carlson, 2002).
les me´thodes mole´culaires ont largement remplace´ les me´thodes de cultures, permettant
notamment de s’affranchir du biais des bacte´ries non cultivables. Le de´veloppement de
ces techniques permet de´sormais d’aborder la diversite´ des communaute´s bacte´riennes
au niveau phe´notypique, me´tabolique, fonctionnelle ou phyloge´ne´tique. Base´e sur une
caracte´risation phyloge´ne´tique, la mesure du contenu en acide nucle´ique des bacte´ries
peut eˆtre utilise´e pour distinguer deux groupes bacte´riens [i.e., bacte´ries HNA (high nu-
cleic acid content) vs bacte´ries LNA (low nucleic acid content)] (Mary et al., 2006). Ces
deux groupes sont caracte´rise´s par des tailles de cellules et de ge´nomes diffe´rentes ainsi
que par des strate´gies de vie adapte´es a` diffe´rentes conditions environnementales (i.e.,
disponibilite´ en ressource, orgine du carbone, conditions physico-chimiques) (Fuchs
et al., 2005; Schattenhofer et al., 2011).
L’efficacite´ d’assimilation de la MOD par les bacte´ries est depuis longtemps recon-
nue comme un facteur de variation des flux de carbone en milieu marin (Del Gior-
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gio and Cole, 1998; Vallino et al., 1996). La de´gradation de la MOD par les commu-
naute´s bacte´riennes est de´pendante de nombreux facteurs comme la biodisponibilite´ de
la MOD, la diversite´ des communaute´s bacte´riennes, et les conditions ge´ochimiques
(Aller, 1994; Del Giorgio and Cole, 1998; Ding and Sun, 2005). En effet, la qualite´
(i.e., la composition mole´culaire) de la MOD influence la croissance et la diversite´ des
communaute´s bacte´riennes (Fischer et al., 2002; Hopkinson et al., 1998; Middelboe
and Søndergaard, 1993; Rusch et al., 2003; Vallino et al., 1996). Il est admis que les
bacte´ries assimilent les acides amine´s plus rapidement que les sucres et les prote´ines,
entraıˆnant un rendement de croissance plus efficace. L’abondance bacte´rienne et l’acti-
vite´ bacte´rienne sont corre´le´es avec la qualite´ du carbone organique dissous disponible
(e.g., pre´sence de polysaccharides ; Fischer et al., 2002). La composition mole´culaire
et l’origine de la MOD sont responsables en partie de la capacite´ de la MOD a` eˆtre
de´grade´e ou pre´serve´e dans les se´diments. La variabilite´ du milieu en termes de qualite´
de MOD et de conditions ge´ochimiques expliquerait l’he´te´roge´ne´ite´ des communaute´s
bacte´riennes dans les se´diments, notamment en milieu estuarien et coˆtier (Middelboe
and Søndergaard, 1993; Zinger et al., 2011). L’efficacite´ de transformation de la MOD
en biomasse par les bacte´ries de´pend de l’origine et de l’e´tat diage´ne´tique de la MOD,
et alte`re en retour la composition mole´culaire de la MOD (Bade et al., 2007; Ben-
ner, 2002; Wickland et al., 2007). Les effets de l’origine de la MOD sur les proces-
sus de de´gradation et les communaute´s bacte´riennes sont encore largement de´battus
(Bianchi, 2011). L’ide´e dominante veut que la MOD d’origine terrige`ne e´chappe a`
la mine´ralisation et soit pre´serve´e dans les se´diments marins. Mais plusieurs e´tudes
s’e´le`vent de´sormais contre ce paradigme, seulement 30% du carbone enfoui dans les
zones coˆtie`res e´tant d’origine terrestre (Burdige, 2005). La de´gradation de la MOD
terrige`ne serait lie´e a` celle de la MOD marine, celle-ci stimulant les activite´s enzyma-
tiques des communaute´s bacte´riennes (i.e., priming effect). La disponibilite´ en nutri-
ments, le rapport C/N, l’activite´ enzymatique ainsi que les interactions entre commu-
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naute´s bacte´riennes sont autant de facteurs sugge´re´s comme me´canismes de controˆle
de la de´gradation de la MOD terrige`ne (Fontaine et al., 2003; Guenet et al., 2010).
L’origine des compose´s dissous et de la MOD va influencer les communaute´s
bacte´riennes des estuaires souterrains. Le compartiment bacte´rien dans les se´diments
perme´ables est ge´ne´ralement moins abondant [108 cellules mL−1, Rusch et al., 2003]
que dans les se´diments vaseux [1-5 109 cellules mL−1 Llobet-Brossa et al., 1998].
Ne´anmoins, ces assemblages bacte´riens sont caracte´rise´s par un fort taux de crois-
sance, principalement explique´ par les modifications des conditions environnemen-
tales (e.g., alternance des conditions redox, brassage de se´diments) qui tendent a` sti-
muler la de´gradation de MOD et son assimilation par les communaute´s bacte´riennes
(Hedges et al., 1997; Rusch et al., 2003). Les communaute´s bacte´riennes des se´diments
perme´ables font face a` des conditions physiques et ge´ochimiques tre`s variables [e.g.,
l’hydrologie a un impact significatif sur la distribution et la diversite´ des communaute´s
microbiennes dans les se´diments d’un estuaire souterrain (Santoro, 2010)]. Les gra-
dients de salinite´ induits par les forc¸ages terrestres et marins alte`rent la composition
des communaute´s bacte´riennes. Cependant, les communaute´s bacte´riennes peuvent
s’adapter au me´lange des eaux douces et sale´es des estuaires souterrains (Santoro,
2010). La relation et l’adaptabilite´ de ces communaute´s aux conditions physiques et
ge´ochimiques vont mener a` un controˆle des cycles bioge´ochimiques (Beck and Brum-
sack, 2012; Fuhrman et al., 2006; Slomp and Van Cappellen, 2004).
Alors que l’e´cologie des e´cosyste`mes coˆtiers de´pend fortement des ressources et des
rapports entre les nutriments, les modifications chimiques induites par la composition
des de´charges d’eaux souterraines vont affecter l’ensemble des e´cosyste`mes coˆtiers. En
effet, l’augmentation en carbone et en azote due aux activite´s anthropiques dans les
de´charges d’eaux souterraines n’est pas suivie par un accroissement aussi conse´quent
des concentrations en phosphates (Beusen et al., 2016). La modification des rapports
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stœchiome´triques entre les nutriments dans l’oce´an coˆtier peut avoir plusieurs impacts
sur l’e´cosyste`me coˆtier : changement de la limitation des nutriments, augmentation de
la production primaire et alte´ration des communaute´s planctoniques, et accroissement
des algues nuisibles (Duarte et al., 2000; Lee et al., 2010). Etant donne´ la difficulte´
d’e´tablir un patron ge´ne´ral des apports de compose´s dissous des eaux souterraines via
les de´charges d’eaux souterraines, des e´tudes locales sont indispensables pour identifier
les processus bioge´ochimiques des zones de me´lange et e´tablir des flux a` l’oce´an coˆtier
a` l’e´chelle locale.
Proble´matique et objectifs de recherche
L’importante variabilite´ spatio-temporelle des processus bioge´ochimiques des estuaires
souterrains et des de´charges d’eaux souterraines associe´es, complexifie leur e´tude. La
composition bioge´ochimique des de´charges d’eaux souterraines n’est pas seulement
de´termine´e par le me´lange entre les eaux douces continentales et les eaux sale´es mais
e´galement par un ensemble de processus bioge´ochimiques, physiques et biologiques.
Les e´tudes sur la dynamique bioge´ochimique des estuaires souterrains mene´es a` ce jour
concernent majoritairement les milieux tempe´re´s et tropicaux (Taniguchi et al., 2002;
Burnett et al., 2006 pour des synthe`ses de ces travaux) et peu se sont inte´resse´es aux
plages de sable des milieux nordiques, pre´sentes notamment sur les fac¸ades maritimes
du Canada et du Que´bec. Plusieurs mode`les ont souligne´ la sensibilite´ des de´charges
d’eaux souterraines aux variations climatiques et a` l’augmentation du niveau marin
(Abarca et al., 2013; Gonneea and Charette, 2014; Lee et al., 2013). Or les environ-
nements nordiques sont fortement touche´s par les changements climatiques (i.e., aug-
mentation des tempe´ratures et du niveau marin relatif). Certains mode`les climatiques
pre´voient une augmentation moyenne d’environ 30 cm du niveau marin en Ame´rique du
Nord (Hengeveld, 2000; IPCC, 2014). Il est par conse´quent indispensable d’ame´liorer
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nos connaissances sur le roˆle bioge´ochimique des estuaires souterrains en milieu nor-
dique et sur leur effet a` l’e´chelle locale et re´gionale compare´ aux estuaires souterrains
des milieux tempe´re´s et tropicaux.
Au Canada, environ 7000 km de coˆtes sont conside´re´s comme fortement sensibles a` la
hausse du niveau marin. Aux Iˆles de la Madeleine situe´es dans le Golfe Saint-Laurent
(Fig.9A), l’augmentation du niveau marin est associe´e a` un processus de subsidence
(30cm/sie`cle) augmentant de ce fait l’e´le´vation du niveau marin relatif (Juneau, 2012).
L’histoire ge´ologique des Iˆles de la Madeleine montre une pe´riode de transgression
marine entre ∼6600 cal BP et ∼4900 cal BP durant l’Holoce`ne, cette pe´riode corres-
pondant a` une acce´le´ration de la hausse du niveau marin relatif dans les provinces ma-
ritimes et le nord-est des Etats-Unis (Dionne, 2001). A la suite de cette transgression,
le niveau marin relatif s’est abaisse´ ; aujourd’hui des souches d’arbres et de tourbes
terrestres sont ainsi retrouve´es enfouies sous les se´diments des zones littorales ainsi
que sous le niveau actuel de la mer a` plusieurs endroits des Iˆles de la Madeleine et du
pourtour des Maritimes (Dubois, 1992). Il est ainsi estime´ que le niveau marin moyen
se situait a` 3 me`tres sous le niveau actuel a` 2000 cal BP (Juneau, 2012). La pre´sence de
ces tourbes et souches d’arbres montrent que les Iˆles de la Madeleine sont actuellement
en pe´riode de submersion. Bernatchez and Dubois (2008) estiment ainsi que 70% du
littoral actuel des Iˆles de la Madeleine est a` risque de submersion avec un taux moyen
annuel de 3,5 mm par anne´e. Les sce´narios d’e´rosion pre´disent un recul des littoraux
de 40-90 m d’ici 2050 (Bernatchez and Dubois, 2008). Outre les conse´quences sur les
aquife`res insulaires, la submersion de ces syste`mes modifie les apports de MOD et nu-
triments aux oce´ans. Les environnements littoraux actuels des Iˆles de la Madeleine sont
ainsi un laboratoire naturel ide´al pour e´tudier l’influence des environnements terrestres
sur la dynamique bioge´ochimique des de´charges d’eaux souterraines.
L’archipel des Iˆles de la Madeleine est forme´ d’une quinzaine d’ıˆles, dont un groupe
principal de six ıˆles relie´es entre elles par des cordons dunaires. De faible altitude, le
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Figure 9: Localisation des Iˆles de la Madeleine dans le
Golfe Saint-Laurent et ge´ologie des Iˆles de la Madeleine,
adapte´e de Brisebois, 1981
point culminant des Iˆles (174 m) est situe´ sur l’ıˆle d’Entre´e (Fig.9B). Subissant un cli-
mat tempe´re´ nordique, les Iˆles ont une tempe´rature moyenne annuelle de 4,5°C avec
une tempe´rature moyenne hivernale de -7,5°C. La pre´sence d’un point amphidromique
au large de l’archipel explique la pre´sence de mare´es semi-diurnes avec une faible am-
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plitude (moyenne de 0,7 m). Lors des grandes mare´es, le marnage varie de 0,1 a` 1,1
m. Les saisons d’automne et d’hiver sont propices aux tempeˆtes qui s’abattent sur les
coˆtes, ces e´pisodes climatiques modifient les structures dunaires et les lagunes de l’ar-
chipel. Les Iˆles sont principalement compose´es de gre`s rouge et gre`s vert datant du
Permien-Carbonife`re (300 millions d’anne´es) (Brisebois, 1981; Dredge et al., 1992).
Sur les 475 km de coˆtes de l’archipel, deux-tiers sont forme´s de de´poˆts meubles et le
dernier tiers de coˆtes rocheuses. Actuellement les foreˆts de type bore´al couvrent le quart
des terres e´merge´es de l’archipel. Les milieux humides, comprenant ici les tourbie`res,
les marais (d’eaux sale´es, douces et saumaˆtres) et les e´tangs, repre´sentent 8% de la
surface de l’archipel. Ils agissent comme zone de re´tention des eaux et alimentent les
nappes d’eaux souterraines des ıˆles. D’importantes tourbes terrestres sont pre´sentes
sous le niveau marin le long des dunes mais e´galement dans les anciennes valle´es au-
jourd’hui comble´es par les de´poˆts quaternaires. L’e´paisseur de ces tourbes varient de
2,5 a` 6,1 m (Juneau, 2012). Ce type de pale´osol est commun, sur toute la fac¸ade des
provinces maritimes du Canada et du Nord-Est des E´tats-Unis (Juneau, 2012; Dionne,
2001). Les ressources en eaux douces proviennent uniquement des aquife`res insulaires.
Ces aquife`res, alimente´s par l’infiltration des eaux de pluies et la fonte des neiges sont
une ressource irremplac¸able pour la survie des Iˆles (Chaillou et al., 2013). Les aquife`res
constituant l’unique ressource en eau potable de l’archipel, l’hydrologie est bien connue
et les ressources en eau font l’objet d’une surveillance constante (Chaillou et al., 2012;
Madelin’Eau, 2007, 2009, 2011). Le principal aquife`re est localise´ sur l’ıˆle de Cap aux
Meules. Les e´coulements d’eau douce a` l’oce´an sont estime´s a` 22 998 m3 par jour a`
l’aide de mode`les hydroge´ologiques base´s sur les estimations de recharge de l’aquife`re
et du taux de pompage pour l’ıˆle de Cap aux Meules (Madelin’Eau, 2011).
L’estuaire souterrain de la plage de la Martinique situe´ sur l’ıˆle principale de Cap aux
Meules a servi de mode`le expe´rimental nordique de la re´gion ge´ologique du Bassin des
Maritimes pour cette the`se. La plage de la Martinique s’e´tend sur environ 80 me`tres, du
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marais jusqu’a` la limite de l’oce´an, la zone intertidale e´tant localise´e sur les 20 derniers
me`tres (Fig. 10). La tourbe terrestre enfouie a` environ 80 cm sous la surface de la plage
actuelle est date´e a` environ 900 ans cal BP (datation 14C, Juneau, 2012) et est constitue´e
de feuilles, d’aiguilles et d’e´corces d’arbres non de´grade´es. La plage de la Martinique
peut eˆtre conside´re´e comme un milieu peu ou pas soumis aux pressions anthropiques,
elle constitue de ce fait un syste`me ide´al pour l’e´tude des processus bioge´ochimiques
naturels.
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Figure 10: Section transversale du transect de l’estuaire souterrain de la plage de la Mar-
tinique montrant la distribution de la salinite´ en juin 2013. La ligne noire correspond au
profil de plage au printemps 2013, e´tabli a` partir de releve´s par DGPS, la ligne en poin-
tille´e re´fe`re au niveau pie´zome´trique mesure´ dans 3 pie´zome`tres installe´s dans le transect
de plage. Les points noirs repre´sentent les points de pre´le`vement a` partir de pre´leveurs
multi-profondeurs (tel que de´crit dans la section me´thodologie du chapitre 1). La figure
a e´te´ produite a` partir du logiciel Ocean Data View avec une me´thode d’interpolation
line´aire appele´e krigeage. Le mode`le d’interpolation reproduit a` 97% d’intervalles de
confiance les donne´es empiriques. Les fle`ches repre´sentent les flux d’eaux calcule´s par
Chaillou et al. (2016).
L’estuaire souterrain de la plage de la Martinique a fait l’objet de plusieurs e´tudes hy-
droge´ologiques qui ont permis de de´crire la dynamique physique de l’estuaire souter-
rain de la plage de la Martinique (Annexes I et II). La plage peut eˆtre de´crite comme
e´tant de faible e´nergie avec une faible amplitude de mare´e (Jackson et al., 2002). Elle
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est majoritairement constitue´e de sables fins de 300 µm principalement compose´s de
quartz (95%), avec une perme´abilite´ de 11,40 m j−1 (Chaillou et al., 2016, Annexe II).
L’aquife`re sous-jacent, principalement compose´ de sable fin de silicate et d’alumino-
silicate avec des grains de silicate lie´s avec du fer, a une perme´abilite´ plus faible (K
∼ 4,80 m j−1, Chaillou et al., 2014; Madelin’Eau, 2007). Les de´charges d’eaux souter-
raines ont e´te´ estime´es par des mesures directes et indirectes en 2013. Les e´coulements
d’eaux douces souterraines des puits municipaux a` l’estuaire souterrain de la plage ont
e´te´ estime´s a` partir de la loi de Darcy et donnent un flux d’eau de 1,6 m3 par jour par
me`tre line´aire de plage (Chaillou et al., 2016, Annexe I). En utilisant des mesures di-
rectes (”seepages meters”), les de´charges d’eaux souterraines a` la baie ont e´te´ estime´es
a` 6,1 ±3,3 m3 par jour par me`tre line´aire dans la plage. Les eaux souterraines issues de
l’aquife`re se me´langent aux eaux de ruissellement qui s’infiltrent localement. Ces eaux
douces souterraines s’e´coulent jusqu’a` la zone de de´charge sous la cellule de recircula-
tion sale´e (Fig. 10).
La proble´matique de cette the`se, base´e sur une meilleure compre´hension des interfaces
coˆtie`res en milieu nordique et plus pre´cise´ment des milieux perme´ables pour l’oce´an
coˆtier, soule`ve plusieurs questions : les de´charges d’eaux souterraines sont-elles une
source ou un puits de matie`re pour l’oce´an coˆtier ? Quelles sont les modifications de la
composition mole´culaire de la matie`re le long de l’estuaire? Quelle est l’origine de la
matie`re organique et quels sont les processus de transformations implique´s ? Existe-t-il
une relation entre la qualite´ de la matie`re organique et les communaute´s bacte´riennes?
Quelles sont les flux de matie`res dus aux re´actions chimiques exporte´s a` l’oce´an coˆtier ?
Quelle est l’influence des conditions bioge´ochimiques de l’estuaire souterrain sur les
communaute´s bacte´riennes? C’est a` ces questions que nous tenterons de re´pondre a` tra-
vers la re´alisation de l’objectif ge´ne´ral de ce projet de recherche qui consiste a` dresser
un portrait exhaustif de la dynamique bioge´ochimique des compose´s dissous au
sein d’un estuaire souterrain nordique. Pour re´pondre a` cet objectif, trois objectifs
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spe´cifiques ont e´te´ de´finis :
1) de´terminer l’origine et les transformations bioge´ochimiques de la MOD,
2) identifier les voies de transformations de l’azote et l’impact de ces processus de
transformations sur les flux des espe`ces azote´es a` l’oce´an coˆtier,
3) e´tablir les relations entre les parame`tres bioge´ochimiques et le compartiment micro-
bien.
La re´alisation de ces objectifs a e´te´ organise´e de manie`re a` produire trois articles scien-
tifiques qui constituent les trois chapitres de cette the`se. La figure 11 pre´sente une vue
simplifie´e de ces objectifs.
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Figure 11: Mode`le conceptuel de´limitant un estuaire souterrain et les chapitres de cette
the`se. 1) Origine et transformation de la MOD, 2) Voies de transport et de transformation
de l’azote des eaux souterraines a` l’oce´an coˆtier, 3) Ecologie des estuaires souterrains
Organisation de la the`se
Le premier chapitre vise a` de´terminer l’origine et les transformations
bioge´ochimiques de la MOD a` travers l’estuaire souterrain de la plage de la Mar-
tinique. La MOD a e´te´ e´tudie´e par le prisme des proprie´te´s optiques de la matie`re
organique dissoute colore´e (CDOM). L’utilisation d’indices optiques base´s sur la fluo-
rescence et l’absorbance du CDOM combine´e a` des analyses statistiques ont permis
d’e´valuer l’origine et la composition de cette matie`re organique. Les modifications de
la composition de la matie`re organique a` travers l’estuaire souterrain sont explique´es
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par les conditions ge´ochimiques. Finalement le roˆle de l’estuaire souterrain comme
puits ou source de carbone est e´galement aborde´.
Le deuxie`me chapitre concerne les voies de transformation de l’azote a` tra-
vers l’estuaire souterrain et l’impact des processus de transformations sur les flux
des diffe´rentes espe`ces chimiques a` l’oce´an coˆtier. Les Iˆles de la Madeleine sont
conside´re´es comme un milieu peu anthropique, les apports en azote et particulie`rement
en nitrates sont mineurs et d’origine naturelle. Les flux annuels d’azote a` l’oce´an ont
e´te´ e´value´s en fonction des sources d’azote pre´sentes dans les eaux douces souter-
raines et en fonction des inventaires re´alise´s dans l’estuaire souterrain. Les proces-
sus bioge´ochimiques sont suppose´s modifier les concentrations des diffe´rentes espe`ces
azote´es exporte´es a` l’oce´an coˆtier.
Le troisie`me chapitre s’inte´resse aux relations entre les parame`tres environnemen-
taux et le compartiment bacte´rien. Le compartiment bacte´rien a e´te´ caracte´rise´ par
l’abondance des bacte´ries libres et attache´es et par la distinction entre les commu-
naute´s bacte´riennes avec un fort contenu en acide nucle´ique (HNA) et les bacte´ries
avec un faible contenu en acide nucle´ique (LNA). L’influence des parame`tres physico-
chimiques sur le compartiment bacte´rien a tout d’abord e´te´ teste´e puis dans un
deuxie`me temps l’influence de l’origine et de la composition de la MOD a e´te´ e´value´e.
Base´s sur une approche statistique, les effets individuels de l’ensemble de ces pa-
rame`tres sur la distribution de l’abondance et des communaute´s bacte´riennes sont ex-
plique´s.
Ces chapitres dressent pour la premie`re fois le portrait bioge´ochimique d’un estuaire
souterrain en milieu nordique et permettent d’e´valuer la contribution de ces syste`mes a`
l’oce´an coˆtier a` l’e´chelle locale et re´gionale.
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Re´sume´
Cette e´tude relate la distribution de la matie`re organique dissoute (MOD) le long d’un
estuaire souterrain d’une plage de faible amplitude de mare´e situe´e dans le Golfe St
Laurent (Iˆles de la Madeleine, Que´bec, Canada). La transformation de la MOD lors de
son transport des eaux souterraines jusqu’a` sa sortie dans la plage a` travers l’estuaire
souterrain a e´te´ e´tudie´e en utilisant la concentration en carbone organique dissous
(DOC) et des indices optiques de´rive´s de l’absorbance et de la fluorescence de la MOD
colore´e ou CDOM (SR, SUVA254, FI et BIX) dans les eaux interstitielles. Base´ sur ses
indices et des analyses multivarie´es, les re´sultats re´ve`lent un environnement complexe
ou` les processus bioge´ochimiques et les interactions eau-se´diment alte`rent la compo-
sition mole´culaire de la MOD. Les eaux souterraines et l’eau de mer (i.e., sources op-
pose´es alimentant l’estuaire souterrain) montrent des indices optiques significativement
diffe´rents. Cependant, le long de l’estuaire souterrain le DOC et le CDOM montrent
un comportement non-conservatif duˆ a` la production de “nouveaux” compose´s a` haut
poids mole´culaires et de de´rive´s ligneux aussi bien que de compose´s microbiens. Il
n’y a pas de relation ente le DOC et le CDOM due a` la complexite´ et a` la dynamique
du syste`me. Une analyse de redondance (RDA) montre une relation entre les condi-
tions redox et la signature de la MOD. Les re´sultats de la RDA soulignent ainsi une
corre´lation ne´gative entre le DOC et le fer dissous, particulie`rement dans la zone sub-
oxique de l’estuaire souterrain ou` les oxydes de fer sont re´duits. La RDA montre que
l’augmentation des indices SR et SUVA254 (i.e., de compose´s a` haut poids mole´culaires
avec une faible aromaticite´ vers des compose´s de faible poids mole´culaires avec une
forte aromaticite´) est inversement corre´le´e a` la concentration en me´tal dissous, par-
ticulie`rement le mangane`se. Quel que soient les processus implique´s dans le com-
portement du carbone, nos re´sultats montrent une dominance des compose´s terrestres
de la MOD le long de l’estuaire souterrain. Bien que les compose´s d’origine marine
soient souvent conside´re´s comme la premie`re source de DOC aux sables intertidaux,
notre e´tude met en e´vidence l’influence de la composition des eaux souterraines sur les
re´actions dans les estuaires souterrains et pose des questions sur l’exportation de MOD
terrestre aux oce´ans.
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Summary
This paper reports on the distribution of DOM along the subterranean estuary (STE) of
a microtidal beach located in the Gulf of St-Lawrence (Iˆles de la Madeleine, Quebec,
Canada). We combined porewater DOC concentrations as well as CDOM absorbance-
and fluorescence-derived indices (SR, SUVA254, FI and BIX) to explore the groundwater-
borne DOM transformations along the groundwater flow path to the outflow face of the
beach. Based on these optical indices and multivariate analysis, results reveal a highly
complex environment where biogeochemical processes and water-rock interaction alter
molecular composition of DOM. Marine and groundwater end-members exhibited sig-
nificantly different optical derived indices. Along the STE, however, DOC and CDOM
showed non-conservative behaviour with the production of both “new” high molecular
weight (MW) and lignin-derived compounds as well as microbially-derived CDOM.
There is no significant relationship between DOC and CDOM optical properties be-
cause of the complex and dynamic system. A redundancy analysis (RDA) revealed
a relationship between redox conditions and DOM pool signature. The RDA results
highlighted a negative correlation between DOC and dissolved Fe, particularly in the
suboxic zone of the STE where Fe-oxides are reduced. The RDA showed that the
increase of SR and SUVA254, (i.e., from high MW CDOM compounds with low aro-
maticity to low MW CDOM compounds with high aromaticity) is inversely correlated
to dissolved metals, particularly total dissolved Mn. Whatever the processes involved
in the carbon behaviour, our results showed the dominance of terrestrial DOM pool all
along the STE. Despite the fact that marine-derived particulate solutes are considered
as the primary source of DOC in tidal sands, our study illustrated how groundwater-
borne solutes may affect reaction in STE and opens questions about the terrestrial DOM
export to a coastal bay.
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1.1 Introduction
While sandy beaches have long been considered as biogeochemical deserts (Huettel
et al., 1996), recent studies have shown that tidal sands act as active zones for or-
ganic matter transformation and mineralization (Anschutz et al., 2009; Loveless and
Oldham, 2010; Rocha et al., 2009; Suryaputra et al., 2015). When a sandy beach is hy-
draulically connected to an aquifer, fresh groundwater discharges occur in the coastal
ocean. These discharges, which take place at the tidal beach face or below the ocean
surface, are now recognized as critical pathways for carbon and inorganic nutrients to
reach the coastal ocean (Beck et al., 2008; Chaillou et al., 2016; Charette et al., 2013;
Cyronak et al., 2013; Dorsett et al., 2011; Maher et al., 2013). The chemical composi-
tion of groundwater discharge is controlled by both groundwater-borne concentrations
and biogeochemical reactions that occur as fresh groundwater transits to the ocean and
mixes with seawater.
The subterranean estuary (STE), where fresh groundwater and recirculated seawater
mix, is a critical component of the coastal aquifer (Moore, 1999) that must be con-
sidered when estimating regional chemical fluxes from aquifers to coastal waters and
the impact of these chemical fluxes on coastal ecosystems (Beck et al., 2007; Chaillou
et al., 2016; Santos et al., 2009). Like surface estuaries, the distribution of freshwater
and seawater in the STE controls the geochemical conditions and may affect the fate of
chemicals exported to the coastal ocean. Recent studies have investigated the behaviour
of organic carbon (OC) from the aquifer to the coastal ocean. Transport of dissolved
organic carbon (DOC) was reported to be conservative in the STE of a large tidal flat
in Hampyeong Bay (South Korea; Kim et al., 2013) and in the STE of West Neck Bay
(NY, USA; Beck et al., 2007). In contrast, other studies have reported the production
and loss of DOC along STEs, for example, in the Gulf of Mexico (Santos et al., 2009),
in South Carolina (Gon˜i and Gardner, 2004), and, more recently, in the Gulf of St.
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Lawrence (Chaillou et al., 2016). These non-conservative behaviours indicate either
additional DOC sources or removal processes along the pathway, depending on redox
conditions. Marine-derived particulate solutes are considered as the main source of
DOC in tidal sands (Anschutz et al., 2009; Kim et al., 2012; McLachlan and Brown,
2006). However, terrestrial carbon could be another important carbon source in STE
systems where groundwaters flow from the aquifer to the coastal zone.
Dissolved organic matter (DOM) represents a fundamental link between terrestrial and
aquatic carbon cycles and plays a significant role in the biogeochemistry of aquatic
ecosystem (Hedges and Keil, 1995). Nevertheless, our knowledge on groundwater-
borne DOM in STEs is scarce compared to the available information on inorganic nu-
trients (Kim et al., 2012; Suryaputra et al., 2015). In natural settings, DOM is derived
from terrigenous and aquatic macro- (e.g., plants, animals) and micro- (e.g., algae and
bacteria) organisms from fresh and marine systems. Chromophoric dissolved organic
matter (or CDOM) is the fraction that absorbs ultraviolet (UV) and visible light, and,
consequently, is the fraction that controls the optical properties of waters (Green and
Blough, 1994). The biogeochemical origin and nature of DOM can be determined by
examining the optical signatures of CDOM (Boyd and Osburn, 2004; Coble, 1996;
Fellman et al., 2010; Jaffe´ et al., 2014; Stedmon et al., 2003). This has been done in
rivers, lakes, and estuarine systems (e.g., Glaz et al., 2015; Huguet et al., 2009, 2010;
Massicotte et al., 2013; Retamal et al., 2007; Stedmon et al., 2010), in subsurface and
cave waters (Baker and Genty, 1999; Baker and Lamont-BIack, 2001; Birdwell and
Engel, 2010), in the coastal ocean (Benner et al., 2005; Gue´guen et al., 2005; Kowal-
czuk et al., 2013; Stedmon et al., 2000), and, more recently, in the porewater of tidal
sands and submarine discharges (Kim et al., 2012; Suryaputra et al., 2015). The optical
characteristics of CDOM in STEs are supposed to reflect those of the DOM sources
and may be controlled by microbial activity, mixing processes (i.e., flocculation), and
sorption onto mineral particles, as observed in estuaries (Asmala et al., 2014a; Coble,
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2007).
In this study, we focussed on DOC and CDOM to explore the origin of DOM in the
system and the biogeochemical processes that affect the DOM pool. We used fluores-
cence and absorbance CDOM indices in combination with porewater chemistry and
DOC analyses, and linked the optical properties of the DOM pool to environmental
conditions along the STE. UV spectroscopy was used to characterize the structure and
molecular composition of CDOM, and fluorescence allowed the discrimination of a
few fluorophores that may vary between environments (Coble, 1996; Stedmon et al.,
2003). Fluorescence indices can also be used to determine CDOM origin and dynam-
ics (Huguet et al., 2009; Para et al., 2010). Here, we focussed on five optical CDOM
indices: (i) the spectral absorption (aλ) coefficient, which is a tracer of CDOM concen-
trations (Blough and Del Vecchio, 2002), (ii) the specific UV absorbance (SUVA254) to
estimate the aromaticity of the organic carbon (Weishaar et al., 2003), (iii) the slope ra-
tio (SR) to estimate the molecular weight (MW) of the CDOM pool (Helms et al., 2008),
(iv) the biological index (BIX) to determine the autotrophic productivity of fluorescent
CDOM (Huguet et al., 2009), and (v) the fluorescence index (FI), which is a tracer of
the origin of fluorescent CDOM (McKnight et al., 2001). Our approach provides novel
information on groundwater-borne DOM transformations along the groundwater flow-
path to the beach discharge face and on the signature of exported DOM to the coastal
ocean from sandy beach systems.
1.2 Materials and methods
1.2.1 Study area
This study was conducted in the intertidal zone of Martinique Beach (Iˆles-de-la-Madeleine,
Que´bec, Canada; Fig. 12). Martinique Beach originates from a recent transgression
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Figure 12: (A)location of the Iˆles-de-la-Madeleine (Que´bec, Canada) in the
Gulf of St. Lawrence, (B)location of the study site, (C)location of sampling
stations (M1 to M7) along the sandy beach transect
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sequence. The rapid rates of sea-level rise along the Atlantic coast of Canada over
the middle to late Holocene buried terrestrial systems that are now covered by tidal
sediments as sedimentation kept pace with the rising high tide. Such buried environ-
ments are geological evidence of local and regional submergences over the last millen-
nia (Gehrels, 1994; Juneau, 2012; Scott et al., 1995a,b). This old-age horizon, which
was dated to ∼900 BP (14C dating; Juneau, 2012), is carbon-rich (total organic car-
bon [TOC] = 20% weight percent (w.t.)). Since it is buried below tidal sediments, it
undergoes active erosional processes and is strongly fragmented. The old-age horizon
now occurs on the landward part of the beach, 25 m from the shoreline; it is at 30 cm
below the beach surface and has a thickness of 10–15 cm. Except for this organic-rich
horizon, beach sediments are organically poor (TOC< 0.2% w.t.), consisting of quartz
sand (95%) with an average particle size of 0.3 mm mixed with small amounts of silt
(< 5%; Chaillou et al., 2014). The underlying sandstone aquifer is composed of fine
red-orange sands (∼100 µm) containing silicate and aluminosilicate with Fe-coated sil-
icate grains. The site experiences little wave action except during storm events. Tides
are semi-diurnal, with a mean range of 0.8 m. The sandy Martinique Beach acts as a
shallow unconfined aquifer at the shoreline and releases diffuse fresh groundwaters to
the coastal embayment. Within the beach, fresh and cold groundwater flows towards
the seaward discharge region below a narrow intruding saline circulation cell located
near the top of intertidal sediments (Chaillou et al., 2014, 2016). Based on piezomet-
ric measurements, Darcy estimates of fresh groundwater discharge flow ranged from
1.5 m3 m−1 d−1 in the sandstone aquifer to 2.1 m3 m−1 d−1 at the beach face (Chaillou
et al., 2016). The residence time for groundwater to transit through the system was
estimated to be 32 days for a beach transect of 35 m (Chaillou et al., 2016). Even
though groundwater-borne C accounts for less than 5% of the total DOC discharge,
fresh groundwater here is clearly a pathway for DOC produced within the beach to
reach the coastal ocean (Chaillou et al., 2016).
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1.2.2 Sampling approach
Sampling was conducted from 18 May to 8 June 2013. Multi-level samplers were
deployed (M1−7; Fig. 12C) along a ∼35 m cross-shore transect of the beach face; sta-
tions were located at 0, 20, 22, 24, 26, 30, and 35 m from the shore. These stations
were chosen to cover the intertidal zone and the underlying STE, where fresh meteoric
groundwater comes in contact with recirculated seawater and discharges to the coastal
embayment. Multi-level samplers consisted of 2.5 m PVC pipes with eight pores dis-
tributed vertically and connected to flexible Tygon® tubing, as described in Martin
et al. (2003). These samplers were designed to collect porewater at 10, 30, 50, 80, 110,
150, 190, and 230 cm below the beach surface. Samplers were inserted at least two days
before sampling to allow sediments around the samplers regain equilibrium. Porewaters
were continuously pumped towards the surface using a peristaltic pump, and physic-
ochemical parameters (temperature, dissolved oxygen saturation [DO], salinity) were
directly measured using an on-line flow cell with a calibrated multi-parametric probe
(600QS, YSI Inc.). After these parameters had stabilized, porewater samples were
collected for measurements of CDOM, DOC, chlorophyll a (chl a), phaeopigments,
and total dissolved trace metals (Fe and Mn) in a total extracted volume of ∼80 mL.
CDOM samples from stations M1, M3, M4, M6, and M7, were filtered onto 0.7 µm
Whatman Polycap 75S filters and stored in pre-combusted glass bottles. DOC samples
from all stations were filtered on pre-combusted Whatman GF/F 0.7 µm filters, stored
in baked vials, and acidified with 25 µL of high purity 10% HCl. Samples for chl a and
phaeopigments were filtered on Whatman GF/F 0.7 µm filters and stored at -80°C in
the dark. Samples for total dissolved Fe and Mn were filtered onto 0.2 µm Whatman
Polycap 75S filters, acidified with nitric acid, and stored at 4°C. The fresh and saline
end-member concentrations of DOC (N = 5), and CDOM, chl a, phaeopigments, Fe,
Mn (N =3) were also measured. Samples from the fresh groundwater aquifer were col-
lected in the manner described above from private and municipal water wells located
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50 to 2000 m inshore of the cross-shore transect. Samples of deep bay water (∼50
cm above the seabed) were collected by submersible pump from a small boat that was
from 50 to ∼900 m offshore in Martinique Bay; analyses were performed on board us-
ing an on-line flow cell and the multiparametric probe. All CDOM, DOC, and pigment
data reported here are original, while the physicochemical data set was described in a
companion paper (Chaillou et al., 2016).
1.2.3 Analytical methods
Chl a concentrations were estimated using the Welschmeyer (1994) method. Chloro-
phyll pigments were extracted for 24h in 90% acetone at 5°C in the dark without grind-
ing. Phaeopigments were then analyzed on the same sample after acidification with
5% HCl. A measure of fluorescence was made on a Turner Designs fluorometer (10-
005R) for chl a and after acidification for phaeopigments. The analytical error was esti-
mated at 10%. The estimation of chl a degradation was calculated by the proportion of
phaeopigments divided by the sum of chl a and phaeopigments (Bourgeois et al., 2011;
Josefson and Conley, 1997). Total dissolved Fe and Mn were analyzed in acidified
and filtered porewater samples using a 5100PC Flame Atomic Absorption spectropho-
tometer (5100ZL Zeeman furnace). Analytical uncertainties were <5%. DOC samples
were analyzed by high-temperature combustion (HTC) using a Total Organic Carbon
(TOC) analyzer (TOC-Vcpn, Shimadzu) based on the method proposed by Wurl and
Tsai (2009). Analytical uncertainties were <2% for concentrations higher than 1 mg
L−1.
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1.2.3.1 Absorbance measurements and absorbance-derived indices (a375, SR, SUVA254)
CDOM absorbance was measured with a Lambda 850 UV-VIS spectrophotometer (Perkin
Elmer) throughout the UV and visible spectra domains (230–800 nm) in quartz cuvettes
with 1 cm and 5 cm path lengths to increase sensitivity. Freshly deionized water was
used as a blank. Between each sample, the quartz cuvette was flushed first with HCl
and then with Milli-Q water. Three absorbance indices were calculated as described in
Table 3. The spectral absorption coefficient, aCDOM (λ), at 375 nm (a375) was used as a
tracer of CDOM absorption, as proposed by Blough and Del Vecchio (2002). Another
parameter, the dimensionless slope ratio (SR), was used as an indirect measure of the
average molecular weight (MW) of DOM (Helms et al., 2008). Finally, SUVA254 is
a measure of the absorbance by mg of carbon present in the sample (Weishaar et al.,
2003). This parameter is strongly correlated with DOM aromaticity and has been used
to trace the lignin component of DOM in rivers (Spencer et al., 2012).
1.2.3.2 Fluorescence measurements and fluorescence-derived indices (BIX, FI)
All fluorescence measurements were made using a Varian Eclipse Fluorometer equipped
with a 450W Xe lamp, double excitation, emission monochromators, and an extended
red, high-sensitivity, multi-alkali photocathode photomultiplier tube (Hamamatsu Cor-
poration, Bridgewater, NJ, USA) with slit width set to 5 nm for both excitation and
emission monochromators and using a 0.1 s integration time. The 1 cm cuvette ab-
sorbance measurements were used to correct the fluorescence data for the inner filter
effects. When the absorbance of a sample was higher than 0.3 at 254 nm, the sample
was diluted to avoid saturating the fluorometer (Miller et al., 2010). Fluorescence spec-
tra were collected at emission wavelengths (λEm) from 230 to 600 nm at 5 nm intervals
and excitation wavelengths (λEx) from 220 to 450 nm at 5 nm intervals. Freshly deion-
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Table 3: Description and definition of optical indices used
Absorbance indices Calculation Description
Absorption coefficient at
375 nm - a375 (m−1)
According to the
relationship aCDOM (λ) =
2.303A (λ)/l, where A(λ) is
the optical density at
wavelength λ
(dimensionless) and l is the
length of the cell used in the
absorbance measurement
(m)
Tracer of CDOM
distribution (Blough and
Del Vecchio, 2002)
Spectral slope ratio (SR) The ratio of the slope of
the shorter wavelength
region (275–295 nm) to
that of the longer
wavelength region
(350–400 nm) using the
non-linear regression
technique described by
Stedmon et al. (2000)
An indirect measure of
the average MW of DOM,
where low values (0 < SR
< 1) indicate higher MW
and high values (1 < SR <
2) indicate lower MW
(Helms et al., 2008)
Specific ultra violet
absorbance (SUVA) at
254 nm (L mgC−1 m−1)
The sample UV absorbance
at 254 nm divided by the
DOC concentration
measured in liters per mg C
per m
A higher number is
associated with greater
aromatic content
(Weishaar et al., 2003)
Fluorescence indices Calculation Description
Biological Index (BIX) The ratio of the
fluorescence intensity at
an emission wavelength
of 380 nm and the
fluorescence intensity at
an emission wavelength
of 430 nm, from an
excitation at 310 nm
Values between 0.8 and 1.0
correspond to freshly
produced DOM of
biological or microbial
origin, whereas values
below 0.6 are considered to
contain little autochthonous
OM (Huguet et al., 2009)
Fluorescence Index (FI) The ratio of emission
intensity at 450 nm to that
at 500 nm, obtained with
an excitation at 370 nm
FI values >1.9 are
interpreted as indicating a
predominance of
autochthonous-derived
organic matter, whereas
FI values of 1.4 or less
indicate DOM of
terrestrial origin
(McKnight et al., 2001)
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ized water was used as a blank. All data were corrected for Raman and Rayleigh effects
using freshly deionized water signals.
Examples of the fluorescence properties DOM in seawater, groundwater and porewater
shown as excitation-emission matrix (EEM), are given in Figure 13. In this study, two
different fluorescence intensity ratios were used to infer the relative contribution of au-
tochthonous and allochthonous OM, as proposed by McKnight et al. (2001) and Huguet
et al. (2009). The calculations are described in Table 3. The biological/autochthonous
index, or BIX, was proposed by Huguet et al. (2009) to determine the autotrophic pro-
ductivity of fluorescent CDOM in an estuarine system. The BIX value was influenced
by the presence of a distinct fluorophore (β) in EEM spectra that was attributed to
autochthonous biological activity, i.e., microbial components (Burdige et al., 2004;
Coble, 1996, 2007). A second fluorescence-derived index was also determined accord-
ing to McKnight et al. (2001) for distinguishing CDOM derived from terrestrial and
microbial sources. It is influenced by humic-like fluorophores and allows one to distin-
guish between microbially derived fulvic acids and terrestrially derived DOM. Figure
13 presents the EEMs associated with the coloured samples collected from sampler M7
at different depths (from 80 cm to 230 cm) and EEMs of the groundwater and seawater
end-members.
1.2.4 Multivariate analyses
Salinity is often used to discriminate the mixing zone as well as the freshwater and
saline circulation cell in the STE (Burnett et al., 2003; Moore, 1996). However, this
discrimination does not provide sufficient information on the processes controlling the
porewater chemistry in these zones. Here, an approach based on multivariate analysis
was used to describe the distribution of the DOM pool not only based on salinity but
also as a function of environmental parameters. The distribution of the environmental
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Figure 13: Examples of water colours and the associated EEMs of samples collected in
seawater, groundwater, and from sampler M7 at different depths (from 80 cm to 230 cm).
R.U. means Raman Unit. Locations of emission intensities used to calculate FI and BIX
are indicated (grey circles). The white bars indicate the positions of the 1st and 2nd order
Rayleigh scattering bands.
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parameters measured can provide insight into STE chemical heterogeneity as well as
to the processes controlling porewater chemistry. Seidel et al. (2015) recently used
this approach to explain variations in DOM composition depending on environmental
conditions in tidal flat porewaters (Wadden Sea, Germany).
A redundancy analysis (RDA) was performed to assess which environmental factors
significantly explained variations in the optical properties of DOM. The main axes
(components) were constrained to be linear for the best combinations of the environ-
mental variables (Ramette, 2007), and multiple regressions were used to model varia-
tions between environmental (explanatory) and optical (response) variables. The sta-
tistical significance of the RDA was tested with 1000 permutations (α level 0.05). The
centered and scaled environmental data used for the RDA were temperature, salinity,
dissolved oxygen, and total dissolved Mn and Fe (i.e., explanatory variables). DOC,
chla, and the five optical indices were used to define the DOM pool (i.e., response
variables). To remove environmental variables that did not significantly explain resid-
uals variations in the optical data, an automatic stepwise selection procedure was ap-
plied. Other variables (i.e., ammonium, pH; data not shown) were removed based on
the output of the automatic forward selection procedure because they did not signifi-
cantly explain any variations in the optical index (Legendre and Legendre, 2012). This
procedure yielded a reduced RDA consisting of the environmental variables having the
greatest effect on the variance in optical data. Statistical analyses were performed using
the ape and vegan packages of the R software.
1.3 Results
Physicochemical parameters measured in June 2013 are the same as those presented
in Chaillou et al. (2016). The distribution of salinity, dissolved oxygen saturation, and
temperature in STE and end-members will be briefly described, but we will mainly fo-
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cus on the distributions of DOC, fluorescence, and absorbance-derived CDOM indices.
1.3.1 End-member characteristics
End-member characteristics are summarized in Table 4. The salinity of groundwa-
ter in municipal and private wells, i.e., the fresh groundwater end-member, averaged
0.14±0.09, the temperature was 7°C, and DOC concentrations averaged 0.19±0.03
mmol L−1. Due to dark conditions, chl a and phaeopigments concentrations were
null. CDOM concentration was low (a375= 0.76±0.25 m−1), with an SUVA254 value
of 1.73±0.57 L mgC−1 m−1 and SR of 0.80±0.10. Groundwater BIX and FI values
were low, with values of 0.36±0.03 and 1.30±0.03, respectively. The salinity of the
seawater, i.e., the marine end-member, was 30.58±0.30 and the temperature was ap-
proximatively 11°C. Temperature increased during the day to a maximum of 12.4°C
in the afternoon. DO saturation was > 100% due to wind and wave action, and DOC
values were 0.14±0.01 mmol L−1. Seawater samples exhibited low concentrations of
chl a (1.61±0.24 µg L−1) and phaeopigments (0.70±0.32 µg L−1). Absorbance-derived
indices showed low concentrations of CDOM (a375 = 1.42±0.50 m−1). SUVA254 values
were high, with a mean value of 4.09±1.64 L mgC−1 m−1, and a slope ratio value, SR, of
1.33±0.49. Seawater BIX and FI values were 1.13±0.30 and 1.58±0.54, respectively.
1.3.2 Environnemental conditions in the STE
The salinity ranged from 0.58 to 24 along the STE. The 2D profile revealed fresh
groundwater with low salinity values in the deepest samples (< 5; Fig. 14A) and a
narrow intruding saline circulation cell at the surface, with salinity values higher than
10 that decreased sharply beneath this surficial saline circulation cell. For example,
salinity at M6 was 12 in the upper 20 cm and dropped to 1 at 30 cm. This sharp vertical
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Table 4: Average and standard deviation of DOC, chl a degradation, absorbance, and
fluorescence indices of groundwater and seawater end-members
End-member Groundwater Seawater
N=5
DOC (mmol L−1) 0.19±0.03 0.14±0.01
N=3
Chl a degradation (%) 100±0.00 33.80±13.24
a375 (m−1) 0.76±0.25 1.42±0.50
SUVA254 (L mgC−1m−1) 1.73±0.57 4.09±1.64
SR 0.80±0.10 1.33±0.30
FI 1.30±0.03 1.58±0.54
BIX 0.36±0.03 1.13±0.30
gradient is characteristic of a microtidal beach system dominated by fresh groundwa-
ter discharge, where most of the STE is stratified (Heiss and Michael, 2014; Robinson
et al., 2007b). A strong vertical decline in oxygen concentration was also observed
below the saline circulation cell (Fig. 14B). At the depth of 110 cm, the porewater was
suboxic, with DO around 20%, whereas the surficial saltwater was the most oxygenated
layer (DO above 60% saturation). Total dissolved Fe concentrations ranged from 50 to
1700 µmol L−1, with the lower concentrations measured at the surface near the top of
the beach (M1; [Fe] < 300 µmol L−1; Fig. 14C). The highest values were in the middle
of the transect (M4 and M5), where hotspots of Fe concentrations were observed with
values >1500 µmol L−1 (i.e., M4 at 150 cm below the surface). Mn concentrations
showed the same trends but with concentrations two orders of magnitude lower (i.e., 0
to 34 µmol L−1; Fig. 14D).
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Figure 14: Cross-section of transect M1–M7 (see Fig. 12C)
showing the topography and distribution of (A) salinity, (B)
dissolved oxygen saturation (%), (C) Fe and (D) Mn concen-
trations (µmol L−1) in sediment porewater samples. Depths
are relative to mean sea level (i.e., 0 m is mean sea level).
Contour lines were determined by linear interpolation (krig-
ing method) of data points; the interpolation model repro-
duced the empirical data set with a 97% confidence level.
Black dots represent the depths at which samples were col-
lected using multi-level samplers.
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1.3.3 DOM in beach porewaters
DOC concentrations at M1 and M2 averaged 2.18 mmol L−1 with a maximum value of
6.18 mmol L−1 (Fig. 15A). DOC concentrations decreased toward the discharge area,
even though the distribution was patchy with some hotspots (i.e., M3–M4: DOC ranged
from 4.68 to 15.26 mmol L−1 at 80 cm below surface). In the intertidal zone, DOC
concentrations were also high relative to the marine end-member (from 0.54 to 1.86
mmol L−1). Figure 15 presents the distributions within the cross-shore section of the
STE, of DOC, % degradation of chl a, and the five optical indices calculated from the
data. The a375 absorption coefficient varied greatly (from 0.60 to 14.2 m−1; Fig. 15B),
with sharp horizontal and vertical gradients and maximum concentrations within the
upper layer of the sediment. Hot spots of a375 values were found in the tidal zone, a
few centimetres below the surface (∼ 30 to 80 cm), with values ten times higher than
those found for marine end-members (i.e., 10 m−1 and 1.42 m−1, respectively). In the
landward part of the transect, a375 values were also high near the surface (> 5 m−1). The
values of chl a degradation estimated for each sample were also reported (Fig. 15C).
Chl a concentrations were relatively low in the STE, and the proportion of degraded
chl a was estimated to be 55% (i.e., M5, M6; Fig.15C). Below 80 cm depth, there were
no chl a and phaeopigments due to the absence of light and the weak influence of tide
and waves on the STE. SUVA254 values ranged from 0.10 to 7.97 L mgC−1 m−1 and
increased with depth (Fig. 15E), with the highest values in the deep landward portion
of the transect (e.g., M4, M6, SUVA254 > 5 L mgC−1 m−1). The lowest SUVA254 values
(< 0.20 L mgC−1 m−1) were observed below the tidal zone, i.e., at M7, in the freshwater
lens. Finally, the slope ratio values were generally low (SR < 1.75) ; most samples had
SR < 0.75 with maxima in the tidal zone (i.e., M6, M7, 1 < SR < 2; Fig. 15D). In the
upper part of the STE, SR values decreased with depth (from 1.15 at 50 cm to 0.40 at
190 cm).
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Figure 15: Cross-section of transect M1–M7 (see Fig. 12C) showing the topography and distri-
bution of (A) DOC (mmol L−1), (B) a375 (m−1), (C) chl a degradation (%), (D) SR, (E) SUVA254
(L mgC−1 m−1), (F) BIX, and (G) FI in the sediment porewater samples. Depths are relative to
mean sea level (i.e., 0 m is mean sea level). Contour lines were determined by linear interpolation
(kriging method) of data points; the interpolation model reproduced the empirical data set with
a 97% confidence level. Black dots represent the depths at which samples were collected using
multi-level samplers.
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To interpret EEMs, a focus on the FI and BIX indices was done. BIX (Fig. 15F) ranged
from 0.31 to 0.99, with a mean value of 0.59±0.14 and maximum values at the top of
the intertidal zone (M3 and M5). The lowest values were measured a few centimetres
below the surface at M1. The same pattern was observed for FI (Fig. 15G): it ranged
from 0.80 to 1.80 (mean 0.86±1.76), with high values (> 1.20) in the deep portion of
the STE and maxima (∼1.80) in the top of the intertidal zone (M3 and M4). The lowest
values were measured in the highest part of the STE at M1. Figure 16 presents the
distribution of DOC and optical indices made on the end-members with those made
on the porewater samples across the salinity gradient. DOC and optical indices did
not show clear trends relative to salinity. DOC and a375 exhibited higher concentration
than the two end-members (Fig. 16A, B) whereas SR, SUVA254, BIX and FI indicated
different character but no noticeable trends.
1.3.4 Link between optical properties and environmental variables based on mul-
tivariate analysis
The RDA model reflects the variations in the optical properties of DOM in response to
variations in environmental variables in the STE. This approach was used to determine
the driving factors that explain the complex optical index distribution of the DOM pool
and to estimate the role of transport versus biogeochemical processes within the STE.
Figure 17 presents the RDA results in a triplot, by plotting samples (points) and ar-
rows representing environmental parameters (explanatory factors) and optical indices
(response factors). Arrows represent the direction of the maximal variation, and vector
lengths indicate the contribution to the variation in the data. The angles between ar-
rows represent the correlation between the variables they represent. The environmental
factors in the RDA model and the two first axes were significantly (p < 0.01) correlated
with the variability in optical indices, with the first two axes explaining 87% of the vari-
ability in the optical indices. None of these environmental parameters dominated the
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Figure 16: Relationship between DOC (mmol L−1) and optical indices with salinity. The
green squares are the mean groundwater end-member values and red squares are the mean
seawater end-member values; lines represent the theoretical mixing boundary between the
groundwater and seawater end-members.
59
multivariate similarity pattern among samples. The first RDA axis (RDA1; 62% of the
explained variability) was mainly linked with total dissolved Fe and to a lesser extent
with temperature. The second RDA axis (RDA2; 25% of the explained variability) was
correlated with total dissolved Mn and salinity. Finally, the third axis (RDA3; 7% of
explained variability, data not shown) was mainly correlated with DO saturation. The
RDA model represents the variance of the DOM’s optical index explained by environ-
mental conditions. Optical indices are represented by red arrows. RDA1 was mainly
associated with the FI and BIX fluorescence indices, which were closely linked to to-
tal dissolved Fe, and DOC, which was inversely correlated with Fe content. Finally,
chl a and the absorption coefficient a375 were also associated with RDA1. The second
axis, RDA2, was associated with changes in SR and SUVA254, i.e., DOM composition.
These two optical indices are related to MW and aromatic content, which are dependent
upon the origin of DOM, and also to the biogeochemical processes altering the DOM
structure.
1.4 Discussion
In Martinique Beach, low oxygen conditions ( 20% saturation) and high DOC concen-
trations (mean value 1.31±0.91 mmol L−1) represented suitable conditions for biogeo-
chemical reactions to occur, leading to changes in DOM concentrations and molecu-
lar composition due to degradation processes. Moreover, the absence of light and the
strong water–rock interaction provided an ideal environment for the transformation and
sorption onto mineral particles of terrestrially derived DOM without photochemical ox-
idation processes (Kaiser et al., 2004).
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1.4.1 Optical signatures of CDOM sources in the STE
As expected, the two end-members (i.e., fresh groundwater and marine water) pre-
sented contrasting DOM profiles (Table 4). Firstly, SR values in groundwater end-
members were relatively low (i.e., 0.80±0.10), indicating high MW molecules that were
associated with the presence of humic-like fluorophores (i.e., FI values < 1.4) and low
BIX values (i.e., 0.36±0.02) and showed no evidence of a microbial component. These
values are in the range of FI and BIX values reported in groundwaters. Birdwell and
Engel (2010), for example, reported a wider range of BIX values from cave and spring
waters, with values ranging from 0.50 to 3.00, and Lapworth et al. (2008) showed a
large range of FI values varying between 0.50 and 2.50, depending on the water table
level. The values of DOC-normalized absorbance at 254 nm, SUVA254, were in the
range of those reported for groundwater and rivers dominated by groundwater inputs
(Chapelle et al., 2012; Shen et al., 2015; Spencer et al., 2008, 2012). All these optical
indices (i.e., SR, SUVA254, FI, and BIX) were thus typical of those reported for DOM
in groundwater and dark environments, and reflect the groundwater-borne DOM signa-
ture of the aquifer. Only a few of the samples collected in the STE exhibited the same
signature as the groundwater end-member, suggesting the DOM pool changes when the
fresh groundwater transited from the Permian aquifer to the beach. Secondly, in marine
end-members, SR values were higher than in their groundwater counterparts, indicating
lower MW molecules associated with the presence of biological compounds (mean BIX
value = 1.13±0.30). SUVA254 values were higher in marine samples than in ground-
water end-members, and this was associated with the occurrence of aromatic contents
often linked to terrestrial compounds. High SUVA254 values could be associated with
surface runoff or alterations of CDOM due to physical processes in marine water (As-
mala et al., 2014b). SUVA254 values reported in the literature vary widely from site
to site in the coastal environment. For example, Asmala et al. (2014a) reported high
SUVA254 values in river discharge (5.03 L mgC−1 m−1) while Dixon et al. (2014) re-
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ported SUVA254 values between 2.8 and 3.8 L mgC−1 m−1 in an estuary (Neuse River
Estuary, North Carolina, USA). In our study, the surface samples presented SUVA254
values close to those reported for coastal systems.
1.4.2 From the aquifer to the coastal ocean
DOC data (Fig. 16A) clearly showed an addition from sediments comparing to the
DOC measurements in groundwater and seawater end-members. This supports the idea
that carbon porewater content was not simply the result of dilution by fresh groundwater
and seawater in the STE of Martinique Beach. This distribution was already observed
at this site by Chaillou et al. (2016) and suggests the presence of a permanent produc-
tion, or input, of DOC throughout the groundwater flow path over the year. The origin
of this DOC is not yet well known. In addition to fresh and marine end-members, the
hydrolysis of particulate organic carbon (POC) and the release of DOM from reduced
metal oxides are potential sources of DOC; this has been observed in other tidal flat
sediments (Reckhardt et al., 2015; Seidel et al., 2014). Based on the δ13C signatures
of DIC in beach groundwaters and the old-age horizon POC content, Chaillou et al.
(2016) proposed that the buried carbon-rich soil is a potential source of the DOM pool.
They noted the addition of 13C-depleted DIC, with values at -30 and -34‰, along the
STE, which should be similar to the organic matter from which it is derived, includ-
ing buried organic-rich horizons with δ13C values varying between -32 and -34‰. As
was the case with DOC, a375 values (Fig. 15B) indicate that there is CDOM produc-
tion in the landward part of the STE (i.e., M1, M3, and M4, 50–80 cm depth), with SR
values lower than groundwater samples (Table 4). This is concomitant with FI values
(Fig. 15G), and suggests the presence of terrestrially derived organic matter. This also
suggests in situ production of the high MW CDOM fraction in the system, which is
in agreement with the hydrolysis of old-age POC (Komada et al., 2012; Kowalczuk
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et al., 2009; Weston et al., 2006). In the downstream part of the STE, low DOC and
high BIX values (Fig. 15A, F) indicated heterotrophic degradation of DOC and the
presence of organic matter with an autochthonous origin (i.e., microbial production). It
was not possible to discriminate which of these two processes was the main source of
DOM. Only isotopic investigations of DOC can provide further insight into the origin
of porewater DOC and DOM. Whatever its origin, DOM produced locally was trans-
ported seaward by groundwater flow. This local production may significantly increase
the exported fluxes of DOC by groundwater discharge at the beach face. Based on
groundwater end-members flow and the fresh groundwater flow estimated in the beach,
local production could account for ∼15% of the total DOC exported to seawater (Chail-
lou et al., 2016). The behaviour of these compounds within the STE will control the
reactivity of the exported CDOM.
1.4.3 Relationship between DOM parameters within the STE
The relationships between DOM characteristics (i.e., DOC, chl a, and optical indices)
are often used to reveal the biogeochemical source and processing of organic matter
through physical and biogeochemical conditions of surface estuaries. For example, the
absorption coefficient of CDOM (aCDOM) has been used as a proxy for DOC in rivers
and the coastal ocean (Fichot and Benner, 2011; Spencer et al., 2012; Stedmon et al.,
2003; Yamashita et al., 2008). The relationship between DOC and aCDOM was based on
the assumption of the conservative behaviour of these parameters along a salinity gra-
dient, (i.e., invariant proportion of CDOM in the DOC pool). However, a decoupling
and nonlinear correlation between DOC and CDOM occurs in many environments, de-
pending on mixing, photochemical oxidation, and microbial degradation (Nelson et al.,
1998; Del Vecchio and Blough, 2004; Nelson and Siegel, 2013; Skoog et al., 1996). In
the Martinique Beach STE, there was no significant relationship between the optical
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indices of DOC and CDOM. For both DOC and CDOM, absorbance and fluorescence-
derived indices showed clearly different behaviours along the transect (Fig. 16B-F).
This was not unexpected because CDOM distribution in STEs results from a complex
interaction of variables related to physical mixing, biogeochemical processes, and wa-
ter–rock interactions. These behaviours of CDOM have already been reported in certain
surficial systems where flocculation, photobleaching, microbial production and turbid-
ity are important processes that control CDOM behaviour (Kowalczuk et al., 2003;
Rochelle-Newall et al., 2014). Firstly, microbial degradation could be responsible for
the removal of lignin and other components of CDOM as well as for the production of
specific DOM (Inamdar et al., 2011; Kaiser et al., 2004). Microbial degradation leads
to changes in the optical properties of CDOM by the ability of heterotrophic bacte-
ria to degrade high MW DOM and also to produce new CDOM (Asmala et al., 2013;
Chapelle et al., 2009). In our study, the presence of microbial production is suggested
by the BIX indices. The low signal of compounds derived from microbes was due to
1) the strong presence of terrestrial compounds and 2) the rapid turnover of freshly
produced CDOM due to the highly active environments (Rusch et al., 2000). However,
the concomitant occurrence of high DIC concentrations (Chaillou et al., 2014, 2016),
elevated concentrations of reduced species such as Fe and Mn, and the low oxygen
saturation as well as high DOC concentrations (mean value =1.31±0.91 mmol L−1)
support the idea of active anaerobic microbial degradation of the DOM pool. This is
also supported by the significant correlation between the BIX indices and dissolved Fe,
as shown by the RDA results (Fig. 17). Nevertheless, it is unclear if the correlation
between BIX and dissolved Fe is related to the reduced conditions that favoured het-
erotrophic degradation or if the relationship is due to the interaction between Fe and
CDOM. Secondly, the effect of CDOM–particle interactions in STEs can significantly
contribute to CDOM removal (Asmala et al., 2014a; Shank et al., 2005; Sun et al.,
2014). Here, SR indices—and to a lesser extent SUVA254 indices—exhibited a removal
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process in brackish waters of the STE (Fig. 16C-D). The significant relationship be-
tween SR and SUVA254 values in our samples (p < 0.05; data not shown) and the RDA
analysis (Fig. 17) highlighted the link between these two optical parameters along the
transect. According to the RDA results, the increase of SR and SUVA254 (i.e., from
high MW CDOM compounds with low aromaticity to low MW CDOM compounds
with high aromaticity) was inversely correlated to dissolved metals, particularly total
dissolved Mn. These results suggest that the high concentration of total dissolved met-
als may have played a role in the removal process of CDOM compounds (i.e., SR and
SUVA254). DOM may be bound to metal-oxides in the oxic layer leading to a buried
phase of high MW and humic DOM. This is also supported by the significant correla-
tion of the RDA results between FI and total dissolved Fe (Fig. 17). An increase in FI
values, even by 0.1 unit, could suggest that humic compounds were removed from the
systems, as shown by McKnight et al. (2001). In marine sediments as well as in soil
horizons, metal oxides, and especially Fe oxides, promote OM preservation through
co-precipitation of OC and iron (Barber et al., 2014; Lalonde et al., 2012; Wagai and
Mayer, 2007). The RDA results highlight the negative correlation between DOC and
dissolved Fe (Fig. 17). In the STE, DO saturation is low ( 20%), enhancing the re-
ductive dissolution of Fe oxides and inducing high dissolved Fe concentrations (Fig.
14B-C). However, in such a system, where tides, water table fluctuations, storms, and
swash induce transient behaviours of the recirculating cell and the associated mixing
zone (Abarca et al., 2013; Heiss and Michael, 2014; Robinson et al., 2007a), redox
oscillations are probably strongly involved in the heterotrophic degradation of organic
matter, as is the case in coastal sediments (Sundby, 2006, and reference therein). Be-
cause the sorption of CDOM on metal oxides is highly reversible under similar condi-
tions of sorption (Kaiser and Guggenberger, 2000; Lalonde et al., 2012), these redox
oscillations could lead to a constant phenomenon of trapping/releasing of DOM and
consequently affect the optical indices of CDOM.
66
1.4.4 CDOM behaviour in a microtidal STE
Figure 18 is a conceptual model of the behaviour of DOM in an STE. As previously
proposed to describe the connection between soil and groundwater, the hydrological
connectivity between groundwater and ocean through sandy beaches drives the lateral
segregation of organic molecules (see the regional chromatographic model of Shen
et al., 2015). Groundwater-borne DOM originates from the percolation of rain through
the soil to the aquifer and thus has a terrestrial signature. As groundwater transits,
groundwater-borne DOM may be transformed by three dominant processes: POC hy-
drolysis, microbial degradation, and sorption/desorption onto metal oxides. These pro-
cesses concomitantly produce/trap high MW and lignin-enriched compounds and mi-
crobial autochthonous compounds. Regardless of the process, most of the high MW
DOM compounds seem to be trapped in the STE and do not reach the overlying coastal
waters. In contrast to the literature on beach systems, there is little evidence here of the
occurrence of biological compounds of marine origin within the whole system, even
in the recirculation cell where tides and waves continuously force seawater to infiltrate
and recirculate in the system. As previously modelled by Abarca et al. (2013) and
Robinson et al. (2007b), microtidal STEs with high fresh groundwater discharge have
limited mixing with seawater because of low seawater infiltration and the narrow re-
circulating seawater cell. The distribution of both chl a and phaeopigments at the top
of the intertidal zone agreed with weak marine particle infiltration into the STE sys-
tem (Fig. 15C). The temperature as well as the sampling period may explain the low
productivity conditions at the time of sampling, but the site-specific hydrogeological
context also appeared to limit the input of marine compounds into the system. Whether
the terrestrial-marked DOM that occurs within the discharge zone is bioavailable re-
mains an open question that is still being debated (Bianchi, 2011; Burdige, 2005).
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Figure 18: Schematic representation of CDOM behaviour through the subterranean estuary.
1.5 Conclusion
This study has provided a snapshot of CDOM behaviour and characteristics through the
STE of Martinique Beach using the optical properties of CDOM. Optical indices are a
useful tool to study CDOM behaviour in aquatic environments. However, interpretation
should be done with caution since the biogeochemical environment may strongly influ-
ence changes these indices. Marine and groundwater end-members were significantly
different, but CDOM along the STE is clearly not simply the result of end-member di-
lution. Thus DOC and CDOM are transformed in the complex and dynamic system.
Coupled with RDA analysis, optical indices gave better insight than univariate inter-
pretation and revealed a relationship between optical parameters and redox conditions.
Thus, DOM transformations may be attributed to several processes. The hydrolysis
of an old buried soil may be responsible for the production of DOM with high MW
that enhanced the CDOM’s terrestrial signature. Our results also showed that microbial
production that occurred along the groundwater flow path (BIX values >0.9) could also
have been a source of DOM. Finally, RDA results revealed that metal oxides played
a role in DOM trapping. The trapping/releasing of DOM within this dynamic system
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has implications in the STE’s characteristics. Future investigations of DOC and Fe
interactions will improve our understanding on the role of Fe-rich coastal systems in
terrestrial OM preservation. This study illustrated the coupling between CDOM and
biogeochemical conditions, particularly with metal oxides. Marine-derived particulate
solutes are considered to be the main source of DOC in tidal sands. Our study showed
that the STE could also be a source of terrestrial DOM to the coastal ocean and that bio-
geochemical transformation pathways in the STE may increase the export of terrestrial
DOM.
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Re´sume´
Les transformations des compose´s chimiques des aquife`res jusqu’aux oce´ans coˆtiers
sont des processus majeurs controˆlant les quantite´s de nutriments exporte´s a` l’oce´an
coˆtier. Dans les environnements nordiques ou` les donne´es sont encore tre`s succinctes,
il est essentiel de de´terminer les processus et les sources qui affectent les nutriments
a` l’e´chelle locale afin d’estimer des flux de nutriments rigoureux a` l’e´chelle du globe
par les de´charges d’eaux souterraines. Dans cette e´tude, les voies de transformation
des espe`ces azote´es ont e´te´ examine´es le long d’un estuaire souterrain d’une plage
bore´ale situe´e aux Iˆles de la Madeleine (Que´bec, Canada). Cette e´tude se base sur
la distribution verticale et horizontale des nitrate (NO3−), nitrite (NO2−), ammonium
(NH4+), azote organique dissous (DON) et azote total dissous (TDN), mesure´s sur qua-
tre saisons printanie`res (juin 2011, 2012, 2013 et 2015). A cette pe´riode de l’anne´e, la
recharge de l’aquife`re est maximale due a` la fonte des neiges. Les eaux douces souter-
raines de l’aquife`re apportent des fortes concentrations de NOx et DON a` l’estuaire
souterrain alors que les apports des eaux de mer sont tre`s limite´s. Un comportement
non-conservatif est observe´ lors de l’e´coulement menant a` une faible teneur en NOx
et a` une teneur e´leve´e en NH4+ des eaux souterraines dans la zone de de´charge. Le
temps de re´sidence e´leve´ (∼82 jours) des eaux souterraines dans l’estuaire souterrain,
combine´ a` des conditions appauvries en oxyge`ne et de fortes concentrations en car-
bone engendrent un environnement favorable pour des processus de transformation de
l’azote. Ces conditions entrainent une de´nitrification he´te´rotrophique et une production
d’ammonium. Les flux d’azote entrant et sortant de l’estuaire souterrain ont e´te´ estime´s
pour e´valuer l’effet de ces transformations sur le transport de l’azote. Les eaux douces
souterraines apportent 37,54 mol an−1 par me`tre line´aire de NOx et 63,57 mol m−1 an−1
de DON a` l’estuaire souterrain. Les apports de NH4+ sont ne´gligeables. Cependant
l’exportation d’azote a` l’oce´an coˆtier est domine´e par le NH4+ et le DON graˆce aux
transformations le long de l’estuaire souterrain. Avec un flux de 42,80 mol m−1 an−1, le
NH4+ repre´sente 99% de l’azote inorganique dissous exporte´ a` l’oce´an coˆtier. Les flux
d’azote exporte´s a` l’oce´an (88 mol m−1 an−1) e´tant plus faibles que les apports par les
eaux souterraines (102 mol m−1 an−1), l’estuaire souterrain peut eˆtre conside´re´ comme
un puits d’azote. Les transformations bioge´ochimiques le long de l’estuaire souterrain
me`nent ainsi a` une perte d’azote pour l’oce´an coˆtier.
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Summary
The transformations of chemical constituents in subterranean estuaries (STE) control
the delivery of nutrients from aquifers to the coastal ocean. It is important to deter-
mine the processes and sources that affect nutrient concentrations at a local scale in or-
der to accurately estimate global nutrient fluxes via submarine groundwater discharge
(SGD), particularly in boreal environments, where data are still very scarce. Here,
the biogeochemical transformations of nitrogen (N) species were examined within the
STE of a microtidal boreal sandy beach located in the Iˆles-de-la-Madeleine (Que´bec,
Canada). This study reveals the vertical and horizontal distribution of nitrate (NO3−),
nitrite (NO2−), ammonia (NH4+), dissolved organic nitrogen (DON) and total dissolved
nitrogen (TDN) measured in beach groundwater during four spring seasons (June 2011,
2012, 2013 and 2015) when aquifer recharge is maximal after snow melt. Inland
groundwater supplied high concentrations of NOx− and DON to the STE, whereas in-
puts from seawater were limited. Non-conservative behaviour was observed along the
groundwater flow path, leading to low NOx− and high NH4+ concentrations in the dis-
charge zone. The long residence time of groundwater within the beach (∼82 days),
coupled with oxygen-depleted conditions and high carbon concentrations created a
favourable environment for N transformations such as heterotrophic denitrification and
ammonium production. An estimate of SGD fluxes of N was determined to account
for biogeochemical transformations within the STE. Fresh inland groundwater delivers
37.54 mol m−1 y−1 of NOx and 63.57 mol m−1 y−1 of DON to the STE, and NH4+ input
was negligible. But the N load to coastal waters is dominated by NH4+ and DON due
to N transformations along the flow path. NH4+ represents 99% of the DIN flux to
coastal waters, at 42.80 mol m−1 y−1. As N fluxes to the coastal bay (88 mol m−1 y−1)
are slightly lower than N fluxes from fresh inland groundwater (102 mol m−1 y−1), the
STE appears to be a sink of terrestrially-derived N. The net transformations of N in the
STE led to N removal along the groundwater flow path.
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2.1 Introduction
Land–ocean interfaces are critical transition zones that may affect the ecology and qual-
ity of coastal ecosystems (Schlacher and Connolly, 2009). Chemical constituents in
submarine groundwater discharge (SGD) are now widely recognized to have a signifi-
cant impact on coastal ecosystems (Knee and Jordan, 2013; McCoy and Corbett, 2009;
Null et al., 2012; Slomp and Van Cappellen, 2004). SGD is conventionally defined as
”any flow of water out across the seafloor without regards to its composition and its
origin” (Burnett et al., 2006). Thus, before entering coastal waters, fresh groundwater
travels through the shallow subterranean estuary (STE) (Moore, 1999), a region where
mixing between fresh and marine groundwater promotes biogeochemical processes that
can lead to rapid changes in nutrient concentrations and induce non-conservative input
or removal (Gonneea and Charette, 2014). The STE supports extensive chemical reac-
tions near the discharge interface and is often assumed to be a non-steady-state system
(Kroeger and Charette, 2008). Continental factors (e.g., local hydrogeology, recharge,
precipitation) as well as marine factors (e.g., tidal and wave pumping, hydrography,
and density) induce temporal and spatial variability in biogeochemical conditions (see
Santos et al., 2012a and references therein). The mixing zone is subject to oscillat-
ing conditions, with rapid changes in oxygen saturation, redox potential, and organic
matter input controlled by tidal stage and amplitude as well as seasonal water-table
fluctuations (Abarca et al., 2013; Heiss and Michael, 2014; Robinson et al., 2014).
These physical processes are likely to impact the distribution and biogeochemical reac-
tivity of many dissolved constituents (Beck et al., 2007; Kroeger and Charette, 2008).
In this context, the STE can either be a source of nutrients or act as a barrier and
limit nutrient discharge to coastal environments. Assessing the role of the STE in nu-
trient transformations is crucial to better quantifying global chemical fluxes via SGD
(Moore, 2010a). Rivers have long been considered the main conveyors of N to the
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ocean (Seitzinger et al., 2005 and references therein). Beusen et al. (2013) recently
provided evidence that SGD also plays an important role in regional and global marine
N cycles. N loads from SGD to near-shore ecosystems were estimated to be 4 Tg N
y−1 (Voss et al., 2013), and the role of SGD in coastal eutrophication has also been
demonstrated (Valiela et al., 1990). These N loads may be an important factor in the
development of harmful algal blooms in coastal waters (Anderson et al., 2008; Glibert
et al., 2014). Fresh groundwater is often rich in nutrients and others materials from
anthropogenic inputs due to coastal development (agriculture, urbanization) (Howarth
and Marino, 2006; Null et al., 2012; Rocha et al., 2015), and models predict a 20%
increase in N loads from SGD within the next few decades due to coastal development
(Beusen et al., 2013). Estimates of SGD nutrient loads to the coastal ocean have often
been based on nutrient concentrations in fresh groundwater, with the assumption that
nutrient transport through the STE is conservative (Burnett et al., 2006). However, nu-
merous studies have demonstrated that concentrations of dissolved N change through-
out the STE because of biological and chemical reactions (Beck et al., 2007; Loveless
and Oldham, 2010; Moore, 2010a; Robinson et al., 2007a; Santos et al., 2009). Vari-
ations in oxygen and organic matter input along the hydraulic gradient lead to a com-
bination of heterotrophic processes that can enhance or attenuate the export of N to
the coastal ocean (Santoro, 2010). For example, in the Gulf of Mexico (Turkey Point,
Florida), the STE acts as a source of ammonium because remineralization of marine
organic matter through the STE provides nutrients to the SGD exported to the embay-
ment (Santos et al., 2008). In Waquoit Bay (Cape Cod, Massachusetts), Kroeger and
Charette (2008) demonstrated that ammonium accumulates in the STE because rem-
ineralization of organic matter transported by marine and fresh groundwater outpaces
nitrification. In contrast, based on the N attenuation observed in a shallow STE due
to denitrification processes (Cokburn Sound, Australia), Loveless and Oldham (2010)
calculated nitrate loads to coastal waters that were 1–2 times lower than previous esti-
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mates based on nutrient concentrations from fresh groundwater. As these studies show,
ignoring non-conservative mixing can lead to an over- or under-estimation of nutrient
loads to coastal waters (Beck et al., 2007). STEs are transient systems where steady
state, and thus the sequence of redox reactions, are rarely achieved (Sundby, 2006).
In transient systems, diagenetic reactions reflect redox oscillations and environmental
conditions far from steady state. Redox oscillations, with alternating oxic and anoxic
conditions in sediments, allow coupled nitrification–denitrification to take place in the
same location within the sediment (Aller, 1994). Alternative pathways of nitrate reduc-
tion, such as dissimilatory nitrate reduction to ammonium (DNRA) and ANAMMOX,
have also been reported in the STE (Erler et al., 2014; Kroeger and Charette, 2008;
Rocha et al., 2009). Many of these processes transform dissolved inorganic nitrogen
(DIN) and dissolved organic nitrogen (DON) along the groundwater flow path. This
N can then be exported to the coastal ocean or removed by denitrification. Martinique
Beach, located in the Iˆles-de-la-Madeleine (Que´bec, Canada) in the southern limit of
the boreal climatic zone, contains a boreal STE that is exposed to little or no external
contamination. Because climate and hydrology change rapidly in this environment, the
role of boreal STEs remains to be accurately elucidated (Hinzman et al., 2005), and
studies in these cold environments are scarce. The objective of this four-year study was
to evaluate the sources and pathways of N transformations in a microtidal STE that
modify the groundwater dissolved N pool, including inorganic (nitrate, nitrite, ammo-
nium) as well as organic (DON) forms of N. DON is generally assumed to be from
natural rather than anthropogenic sources and is often neglected (Hansell and Carlson,
2014). Nevertheless, DON concentrations can be high in SGD and should be consid-
ered (Kroeger et al., 2007; Santos et al., 2014). In addition, SGD fluxes of N species
were estimated to evaluate the potential impact of this boreal STE on the local coastal
embayment.
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2.2 Materials and methods
2.2.1 Study area
Martinique Beach is located on the main island of the Iˆles-de-la-Madeleine archipelago
in the Gulf of St. Lawrence (Que´bec, Canada; Fig.19). The Martinique Beach system
originates from a recent transgression sequence. Rapid rates of sea-level rise along
the Atlantic coast of Canada over the middle to late Holocene buried the unconfined
Permian sandstone aquifer that is now covered by tidal sediment (Gehrels, 1994; Scott
et al., 1995a,b). The site undergoes semi-diurnal tides with a mean range of 0.8 m and
a maximum range of 1.7 m during spring tide. The archipelago has no rivers, thus the
aquifer recharge is only from rain and snow, with the highest recharge during spring
snowmelt. The mean yearly recharge is about 230 mm (Madelin’Eau, 2004). Because
groundwater constitutes the only source of drinking water in the archipelago, the hy-
drogeology is well known and the aquifer constantly monitored (Chaillou et al., 2012;
Madelin’Eau, 2007, 2009, 2011). Since anthropogenic pressures like urbanization and
agriculture are limited on the archipelago, the main sources of N contamination are
from residential and recreational areas. Therefore, Martinique Beach is an ideal system
in which to study N transformations in a boreal microtidal subterranean estuary. The
Martinique Beach STE acts as a shallow unconfined aquifer at the nearshore limit of
the Permian Aquifer; it releases both fresh and recirculated saline groundwater to the
coastal embayment (Chaillou et al., 2016). It is a low-energy beach under a micro-
tidal regime (Jackson et al., 2002; Masselink and Short, 1993). The upper meters of
the beach consist of marine sands with a median particle size of 0.30 mm (silt content
<5%), mainly composed of quartz (95%). The hydraulic conductivity of this sedimen-
tary unit is about 11.40 ± 4.40 m d−1 (Chaillou et al., 2016). Lower hydraulic conduc-
tivity was measured in the underlying sandstone aquifer (K∼1.80 m d−1; Madelin’Eau,
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2007), which is composed of fine silicate and aluminosilicate sands with Fe-coated sil-
icate grains (Chaillou et al., 2014). These two layers are organic-poor (total organic
carbon [TOC] < 0.20% weight percent (w.t.) and total nitrogen [TN] < 0.10% w.t.;
Chaillou et al., 2014). In the landward part of the beach, however, an old-age soil hori-
zon dated to ∼900 B.P. (14C dating; Juneau, 2012) occurs a few centimeters below the
beach surface. This horizon is carbon-rich (TOC > 20% w.t.) but has a low nitrogen
content (TN < 0.50% w.t.; Chaillou et al., 2014). Based on Darcy’s law, Chaillou et al.
(2016) estimated a fresh inland groundwater flow rate (Qinland) of 1.75x10−5 m3 m−1
s−1 at the landward boundary of Martinique Beach. The fresh groundwater flow rate
through the beach face (Qbeach), from the landward part to the intertidal zone were also
estimated assuming an isotropic system in which vertical and horizontal flows are uni-
form. This mean Qbeach is 2.41x10−5 m3 m−1 s−1 and represents about 25% of the total
volumetric SGD flux (fresh + marine) to the coastal waters (Chaillou et al., 2016).
2.2.2 Groundwater sampling
Sampling was carried out in June 2011, 2012, 2013, and 2015 along a 50 m cross-shore
transect. In 2011 and 2012, groundwater samples were collected in the landward part
of the STE. In 2013 and 2015, we focused on the intertidal and discharge zone, where
fresh meteoric groundwater comes in contact with recirculated seawater. Groundwater
was conducted with multi-level samplers in 2.5 m long PVC pipes (Fig. 19), similar
to those described by Martin et al. (2003). Groundwater was obtained at 10, 30, 50,
80, 100, 150, 190, and 230 cm below the beach surface. Samplers were re-inserted at
the same locations each year using DGPS coordinates. To allow sediments around the
samplers to reach equilibrium, sampling started two days after their insertion. Ground-
water was collected using a peristaltic pump, and physicochemical parameters (pH,
temperature, oxygen, salinity) were measured directly using an on-line flow cell with
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Figure 19: Location of the study site in the Iˆles-de-la-Madeleine (Que´bec, Canada) (A,B)
and beach profile, locations of sampling sites and inventory calculations (2011–2013,
2015) along the sandy beach transect. Inventories were calculated in 2013 at samplers
onshore, at the high tide mark (HTM) and at the low tide mark (LTM). Depths are relative
to mean sea level (i.e., 0 m is mean sea level) (C).
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a calibrated multi-parameter probe (600QS, YSI Inc.). Oxygen measurements are not
available for 2015, due to sensor malfunction. After stabilization of physico-chemical
parameters, all groundwater samples were filtered through a 0.2 µm polypropylene cap-
sule filter. Samples for nutrient analyses (NH4+, NO3−, and NO2−) were stored in acid-
washed polyethylene tubes that were rapidly frozen for later analysis; samples for total
dissolved iron and manganese were stored at 4°C in 50 mL acid-washed polyethylene
tubes and acidified with 50 µL of 10% nitric acid; and samples for dissolved organic
carbon (DOC) and total dissolved nitrogen (TDN) were stored in baked 7 mL vials and
acidified with 25 µL of high purity 10% HCl. TDN measurements were only performed
in 2012. Groundwater end-member samples (n=10) were collected in the manner de-
scribed above from private and municipal wells located 50 to 2000 m landward of the
most inland sampler. Seawater end-member samples (n=6) were collected about 50 cm
above the seabed using a submersible pump at about 900 m offshore in Martinique Bay.
2.2.3 Chemical analyses
NH4+ samples were measured by flow injection gas exchange–conductivity analysis
based on the method described by Hall and Aller (1992). The precision was ± 5% with
a detection limit of 0.1 µmol L−1. NO3− and NO2−, referred to as NOx, were analyzed
by the colorimetric method developed by Schnetger and Lehners (2014) and measured
with a powerwave XS2 microplate spectrophotometer. The precision was 2% and the
limit of detection was 0.4 µmol L−1. DIN was calculated as the addition of NH4+, NO3−,
and NO2−. TDN was analyzed in 2012 by high temperature combustion (HTC) using
a Total Organic Carbon analyzer (TOC-vpn, Shimadzu) with a TNM-1 module, and a
precision of 2%. Dissolved Organic Nitrogen (DON) was calculated as the difference
between TDN and DIN (i.e., DON = TDN – [NH4+ + NOx]). DON calculations were
only possible in 2012 based on TDN measurements. The DON measurement is still
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problematic since it combines the analytical errors and uncertainties of the three analy-
ses. Nevertheless, there is currently no single accepted method for the measurement of
DON (Hansell and Carlson, 2014). Here we estimate the precision to be around 10%.
2.3 Results
2.3.1 Distribution of salinity and oxygen saturation
Previous studies have already discussed the distribution of physico-chemical param-
eters along the groundwater flow path at Martinique Beach based on 2012 and 2013
data (Chaillou et al., 2014, 2016; Couturier et al., 2016). Here, we will briefly present
an overview of the salinity and redox conditions in the STE (Fig. 20). In 2011 and
2012, the landward part of the STE was mostly characterized by suboxic freshwater
(dissolved oxygen [DO] < 20%, salinity < 10). The discharge zone with the saline re-
circulation cell was salty and oxygenated ([DO] > 60%, salinity > 20). A sharp salinity
gradient occurred below the saline circulation cell, with salinity falling to 0 within the
upper 50 cm of the sediment. In 2013 and 2015, the focus on the intertidal zone con-
firmed the occurrence of a small saline circulation cell with sharp gradients of salinity
and DO along its perimeter. Fresh and suboxic water were recurrent at 60 cm below the
surface in the discharge zone of the beach. A mixing zone composed of brackish water
(salinity between 7 and 15) occurred along the perimeter of the saline circulation cell
resulting from a mixture of fresh and saline groundwater. This mixing zone appeared
to be poor in DO ([DO] < 20%). The deepest part of the system was composed of
fresh groundwater. In 2013, some measurements showing high DO concentrations in
the deepest samples may indicate atmospheric contamination during sampling.
80
20
11
20
13
20
12
50
landward seawardDistance (m)
20
15
Salinity
0 20
Dissolved oxygen (%)
landward seawardDistance (m)
D
ep
th
(m
)
10 30 40
500 2010 30 40
Figure 20: Cross-sections of the transect (see Fig. 19C) showing the topography and
mean distribution of salinity and dissolved oxygen in 2011, 2012, 2013, and 2015 (no
dissolved oxygen data are available for 2015). Depths are relative to mean sea level
(i.e., 0 m is mean sea level). Contour lines were derived by linear interpolation (kriging
method) of data points; the interpolation model reproduced the empirical data set with a
97% confidence level. White dots represent the depths at which samples were collected
using multi-level samplers. The dashed line represents the water table level.
2.3.2 Nutrient distribution along the STE
In the fresh groundwater end-member, NOx (
∑
NO3− + NO2−) concentrations were
elevated (65.52 ± 26.70 µmol L−1; Table 5). NH4+ concentrations were low, with con-
centrations below 1 µmol L−1. The groundwater end-member was rich in TDN, with
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Table 5: Mean concentrations (µmol L−1) of nitrogen species in the groundwater and
seawater end-members as well as ranges in beach groundwater measured during the
study. NOx and NH4+ was measured in 2011, 2012, 2013 and 2015, and TDN and
DON was measured in 2012.
Inland wells Seawater Beach groundwater
2011-2015 N=10 N=6 N=245
NOx 65.52±26.70 0.52±0.55 0–26.15
NH4+ 0.11±0.35 0.87±0.50 0.10–1056.24
2012 N=2 N=3 N=54
DON 110.96±3.42 7.30±0.84 0–1481.84
TDN 203.00±4.52 9.14±1.12 7.47–1704.42
DON making up 53% of the TDN (i.e., DON = 110.96± 3.42 µmol L−1). Compared
to the fresh groundwater end-member, the seawater end-member was largely depleted
in NOx (0.52 ± 0.55 µmol L−1), and NH4+ concentrations were also low (0.87 ± 0.50
µmol L−1). DON was still the main nitrogen species (7.30 ± 0.84 µmol L−1, ∼80%
of TDN), however, TDN concentrations in the seawater end-member were 20 times
lower than in the groundwater end-member. These results are summarized in Table 5.
NOx concentrations were low within the STE (0–26 µmol L−1; mean 1.90 µmol L−1),
with concentrations five times lower than the fresh groundwater end-member (Table 5,
Fig. 21a). However, some samples reached concentrations greater than 2 µmol L−1,
with maxima a few centimetres below the surface of the intertidal zone in 2013 (not
shown). Such hot spots of NOx concentrations were also recorded in 2011 (up to 15.2
µmol L−1), 2012 (up to 26.15 µmol L−1), and 2015 (up to 19.51 µmol L−1), and were
mainly observed in the saline circulation cell. In contrast to NOx, NH4+ concentrations
increased in the STE, from ∼20 µmol L−1 to > 500 µmol L−1 (Fig. 21B), up to 1056
µmol L−1. Ammonium (NH4+) concentrations measured in the STE were 1 to 1000
times higher than end-member values (Table 5, Fig. 21b). In 2013, an area of high
concentrations was observed in the mixing zone, in front of the saline circulation cell,
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where NH4+ concentrations reached values greater than 400 µmol L−1 (Fig. 21B). NH4+
concentrations were still high in the saline circulation cell (e.g., 84–92 µmol L−1), and
these were also high compared to the overlying seawater end-member (Table 5). NH4+
concentrations decreased sharply with depth below the saline circulation cell and below
the mixing zone. For example, NH4+ concentrations were around 150 µmol L−1 at 30
cm below the beach surface and decreased to 50 µmol L−1 at 230 cm (Fig. 21B). NH4+
was the main TDN species in the STE (NH4+ represents on average 60% of TDN in all
samples). Thus, the TDN distribution was quite similar to the NH4+ distribution (Fig.
21B), with high values in the mixing zone. These distributions were consistent from
year to year. TDN decreased sharply below the mixing zone and the saline circulation
cell; values ranged from 50 to 100 µmol L−1 and dropped below detection deeper in the
saline circulation cell. DON represented 31% of the TDN in the beach groundwater,
and the highest concentrations were observed in the mixing zone (>200 µmol L−1, Fig.
21D). DON levels decreased below the saline circulation cell, with concentrations close
to 0.
N species showed different distributions relative to the groundwater salinity and DO
saturation along the STE (Fig. 22). N species were characterized by non-conservative
behaviour relative to the theoretical two-end-member mixing between seawater and
fresh groundwater. NOx declined from 60 µmol L−1 in fresh inland groundwater to
concentrations below detection in saline groundwater (S > 15) (Fig. 22A). The highest
concentrations of NOx were encountered when DO saturation was below 60%. While
dissolved NOx showed removal in the flow path, NH4+ exhibited excess concentra-
tions relative to conservative mixing between the two end-members (Fig. 22B). NH4+
concentrations clearly showed strong production. The highest concentrations of NH4+
occurred mainly under suboxic conditions (DO < 20%) and decreased significantly
with increased DO (p value < 0.05). Both NH4+ and NOx were observed in 81 of 245
samples (∼33% of the data set). These samples were mainly from just below the saline
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Figure 21: Cross-sections of the transect (see Fig.19C) showing the topography and dis-
tributions of (A) nitrate + nitrite (NOx), (B) ammonium, (C) DON and (D) TDN in µmol
L−1 in 2012. Depths are relative to mean sea level (i.e., 0 m is mean sea level). Contour
lines were derived by linear interpolation (kriging method) of data points; the interpola-
tion model reproduced the empirical data set with a 97% confidence level. White dots
represent the depths at which samples were collected using multi-level samplers.
circulation cell and the associated mixing zone, where oxygen-depleted conditions pre-
vailed ([DO] < 20%). Nevertheless, the coexistence of NH4+ and NOx was observed
in 15% of samples. In contrast to the behavior of NOx and NH4+, TDN and DON ex-
hibited two distinct trends along the salinity gradient: (i) they fell below the theoretical
mixing line in fresh and brackish waters (salinity 0 - 10) and this removal occurred in
suboxic–anoxic conditions, and (ii) their concentrations increased above the theoretical
mixing line in saline waters (> 10).
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Figure 22: Mixing plot of NOx and NH4+ groundwater concentration in µmol L−1 col-
lected in 2011, 2012, 2013, and 2015 (A, B) and DON and TDN in 2012 (C, D) within
the STE relative to the salinity grouped for different DO saturation from 0-20%, 20-60%
and 60-100%. Black dots were used when no data on DO saturation were available. Red
triangles are mean groundwater end-member values and black squares are mean seawa-
ter end-member values. Standard deviation are black lines associated with end-members.
Dashed lines represent the theoretical mixing line between groundwater and seawater
end-members.
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2.4 Discussion
2.4.1 Steady or unsteady biogeochemical conditions?
Throughout the study period, the saline circulation cell was small both in length (<10
m) and depth (<60 cm below the beach surface), while fresh groundwater was present
in the landward part of the STE and below the saline circulation cell. After the snow
melt, the water table is high in the Permian sandstone aquifer (Madelin’Eau, 2004) and
in the adjacent beach aquifer (Chaillou et al., 2016). Under these hydrologic conditions,
the saline recirculation cell and its associated mixing zone are spatially limited, and the
inland hydraulic gradient is the main control of total SGD (Heiss and Michael, 2014;
Robinson et al., 2007a). Despite this apparent hydrogeological stability, one cannot
consider flows and biogeochemical conditions to be at steady state in the STE. Tidal
cycles and waves induce variability in the groundwater inflow while changing discharge
fluxes alter the mixing between fresh and saline groundwater (Abarca et al., 2013).
The redox oscillation induced by the input of oxygen-rich seawater advected by tides
(and waves) in the swash zone impacts the transformations of chemical constituents
including nitrogen (Charbonnier et al., 2013; Huettel et al., 2003).
2.4.2 Biogeochemical controls of DIN concentrations along the groundwater flow
path
The non-conservative behaviour of DIN along the groundwater flow path influences
the nutrient concentration in discharging groundwater, while at the same time making
it difficult to estimate the flux of groundwater-derived DIN to the coastal ocean (Jo-
hannes, 1980; Moore, 2010a; Valiela et al., 1990). The calculation of chemical fluxes
using samples from inland wells may result in significant errors in estimated chemical
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fluxes. Processes occurring in the STE must be elucidated to improve our understand-
ing of the STE’s role in altering groundwater-derived N. The DIN pool changes from
NOx-rich groundwater in the aquifer to NH4+-rich groundwater in the STE : NOx repre-
sented 99% of the DIN pool in the groundwater end-member and dropped to 37% in the
seawater end-member. In the next section, the biogeochemical mechanisms controlling
the N pool along the flow line are explored.
a) Nitrate loss along the STE
NOx concentrations were low within the STE despite high inputs from fresh inland
groundwater transport to the STE. There was a rapid and strong attenuation in NOx
levels, with mean concentrations of 60 µmol L−1 in inland wells dropping to 1.90 µmol
L−1 in the STE. Under oxygen-depleted conditions, denitrification may be the major
process responsible for rapid NOx loss. Electrons needed for denitrification originate
from the microbial oxidation of organic carbon when the amount of organic carbon
present as DOC in groundwater is not too low (Cannavo et al., 2004). DOC levels were
high in Martinique Beach groundwater, with concentrations in the range of 0.14–4.68
mmol L−1 in the STE (mean 1.94 mmol L−1, Couturier et al., 2016). The high DOC lev-
els and the oxygen-depleted conditions may support heterotrophic denitrification. The
stoichiometry of nitrate reduction and the oxidation of organic matter by denitrification,
given by Jorgensen et al. (2004), is as follows:
(1) 5CH2O + 4NO3− +4H+ = 2N2 + 5CO2 + 7H2O
According to this stoichiometry, the mean concentration of DOC observed in the STE
(i.e., 1.94 mmol C L−1; Couturier et al., 2016) could be used to reduce 1.55 mmol
L−1 of nitrate to dinitrogen by denitrification. With concentrations around 0.19 mmol
L−1 in inland wells, this means that all groundwater-borne NO3− may conceivably be
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reduced by de´nitrification. The use of DOC as an electron donor for denitrification
depends on its bioavailability, but little is known about the role of OC composition
on denitrification. Organic carbon in aquifers mainly comes from soil leaching, and
its bioavailability is often described as limited (Korom, 1992). Couturier et al. (2016)
showed that DOM had a strong terrestrial signature along the STE in Martinique Beach.
This OC was characterized by a high molecular weight and was enriched in lignin-
derived compounds. In an alluvial aquifer, Baker and Vervier (2004) confirmed that the
rate of denitrification was best predicted by the concentration of low molecular weight
organic acids compared to high molecular weight compounds. In an unconfined sandy
aquifer, Postma et al. (1991) reported that nitrate reduction was minimal when OC was
present as lignin and lignite fragments (i.e., as high molecular weight compounds).
These findings suggest, the terrestrial DOC present in the Martinique Beach STE may
not promote high rates of denitrification in the study site.
Whatever the reactivity of DOC in the Martinique Beach STE, numerous alternative au-
totrophic pathways can also induce the loss of nitrate along the flow path. In a reduced
aquifer, for example, Fe2+ also reduces nitrate to dinitrogen as:
(2) 5Fe2+ + NO3− + 12H2O = 5Fe(OH)3 + ½ N2 +9H+
(3) 10Fe2+ + 2NO3− + 14H2O= 10FeOOH + N2 + 18H+
This autotrophic denitrification is most efficient in aquifers with low nitrate input (Postma
et al., 1991) and in margin sediments (Anschutz et al., 2002; Chaillou et al., 2007; Hulth
et al., 1999; Hyacinthe et al., 2001). The stoichiometry of reactions 2 and 3 shows that
one mole of Fe2+ can reduce 0.2 moles of NO3−. Based on the range of Fe2+ con-
centrations along the transect (i.e., ∼250 to 1250 µmol L−1; Couturier et al., 2016),
this process is also capable of completely reducing groundwater-born NOx. Although
denitrification via heterotrophic and autotrophic processes could explain the complete
depletion of NOx along the flow path, the occurrence of high NH4+ concentrations also
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suggests the development of dissimilatory nitrate reduction to ammonium. DNRA oc-
curs under strictly anaerobic conditions. The partitioning of nitrate between denitrifica-
tion and DNRA is related to the availability of organic carbon and NOx (i.e., Corg : NOx
ratio) (Postma et al., 1991). DNRA is favoured when the electron acceptor (NOx) be-
comes limiting (i.e., high Corg : NOx ratio) and under reducing conditions, while under
high NOx availability and electron donor limitation (i.e., low Corg : NOx ratio), denitri-
fication is the thermodynamically favoured pathway (Kelso et al., 1997; Korom, 1992;
Strohm et al., 2007). In coastal sediments, DNRA is a key process in the benthic N
cycle and can be more important than denitrification (Gardner et al., 2006; Song et al.,
2013). In the Martinique Beach STE, the high DOC level and low NOx concentrations
(i.e., Corg : NOx ratio > 400) suggest that DNRA could be a key pathway consuming
groundwater-borne NOx. Based on the following chemo-organoheterotrophic DNRA
pathway (Megonigal et al., 2004):
(4) 2H+ + NO3− + 2CH2O = NH4+ + 2CO2 + H2O
The reduction of one mole of NO3− produces one mole of NH4+. This indicates that
the NOx supplied by groundwater is not sufficient to explain the strong concentrations
of NH4+ measured along the transect. The same is true for chemo-lithoautotrophic
DNRA, which links the reduction of NOx to the oxidation of inorganic electron donors
like sulfide (An and Gardner, 2002; Brunet and Garcia-Gil, 1996; Sayama, 2001) and
Fe2+ (Hou et al., 2012; Roberts et al., 2014; Weber et al., 2006), and is also thermo-
dynamically favourable under the conditions encountered in the STE. Whatever the
electron donor, NH4+ production by DNRA is limited by the NOx supply to the STE.
To produce such high concentrations of NH4+, other sources of N must be invoked.
Further studies should be performed in the STE of Martinique Beach to quantify the
different pathways that control NOx loss and NH4+ production.
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b) Ammonium production along the STE
Mineralization of organic matter is likely the most important source of NH4+ in the
Martinique Beach STE. DON measurements in 2012 were high (0–1481.84 µmol L−1),
with a mean value of 80.29 µmol L−1. DON is a complex mixture of primarily unchar-
acterized compounds, of which 10 to 70% are estimated to be bioavailable (Seitzinger
et al., 2002). DON bioavailability is often reported to be dependent on the nature of
compounds (Sipler and Bronk, 2014). In the beach groundwater, DON represented
39% of the TDN, so its mineralization by heterotrophic micro-organisms could be re-
sponsible for part of the NH4+ production in the STE (Kroeger et al., 2006). Because
ammonification is highly dependent on the bioavailability of DON, it is difficult to es-
timate what fraction of NH4+ could be derived from DON mineralization. Based on
the estimation that 10 to 70% of DON is bioavailable, mineralization of DON could
lead to the production of 8 to 56 µmol L−1 of NH4+, which represents between 2 and
10% of the NH4+ concentration observed in beach groundwater. In coastal sediments,
where sulfate is not limiting, sulfate reduction may also produce NH4+ according to the
following reaction:
(5) 53SO42− + (CH2O)106(NH3)16(H3PO4) = 39CO2 + 67HCO3− + 16 NH4+ +53HS−+
39H2O + HPO42−
This reaction is thought to be of minor importance in freshwater compared to fermen-
tative mechanisms. However, because of the proximity of seawater, we cannot exclude
the possibility of SO42− traces far below the surface. NH4+ was observed in samples
with salinity > 4, with the highest concentrations (∼1.25 mmol L−1) at salinity around
15. Based on typical SO42− concentration in seawater with a salinity 15, we estimate a
SO42− concentration of 12 mmol L−1 in beach surface groundwater, which is sufficient
to produce 3.6 mmol L−1 NH4+ by sulfate reduction. This reaction could therefore ex-
plain all NH4+ production in the beach groundwater. The breakdown of macroalgal
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deposits derived from wave and tidal action in sediments can also increase N input to
beach groundwater (Kelaher and Levinton, 2003; Rossi et al., 2011) and can poten-
tially add NH4+. At Martinique Beach, algal deposits were not specifically measured
but were often observed after storm events. In addition, external contamination from
wastewater cannot be completely excluded even if anthropogenic pressure is weak : no
trace of NH4+ contamination was observed in the landward part of the beach and in
inland private wells.
c) Hot spots of nitrate production along the STE
Hot spots of NOx concentrations (e.g., 7.5 µmol L−1 at 50 cm depth with [DO] < 10%
in 2013, 15.21 µmol L−1 at 80 cm depth with [DO] < 30% in 2012) were likely the
result of local and sporadic production rather than traces of groundwater-borne NOx,
which was depleted landward of the most inland sampler. The downward transport of
oxygenated seawater over short temporal and spatial scales could be large enough to
oxidize NH4+ and produce NO3− along the saline circulation cell. Alternative pathways
that involve metal oxides and ammonium could also be invoked to support local (and
probably sporadic) NOx production. These pathways, which include both biotic and
abiotic mechanisms, become important under non-steady-state conditions and are ther-
modynamically favourable at pH levels (6.5 < pH < 8, data not shown) encountered in
the STE (Anschutz et al., 2005; Chaillou et al., 2007; Luther and Popp, 2002; Mortimer
et al., 2004). For example, field and experimental studies have indicated that anaerobic
oxidation of NH4+ to NO3− could be supported by Mn(III/IV) oxides (Hulth et al., 1999;
Luther and Popp, 2002; Mortimer et al., 2004). The contribution of these processes to
the nutrient load of SGD is largely unknown, although they may occur in the discharge
zone (Kroeger and Charette, 2008). With a maximum groundwater flow rate of 2.41
m3 m−1 s−1 in beach sediments (Chaillou et al., 2016), the groundwater transit time
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through the intertidal zone (∼25 m) is about 82 days, which is long enough to support
tidally driven redox oscillations and subsequent N transformations. The concentration
of NO3− remained weak (< 6 µmol L−1) in the STE probably because of the multiple
electron donors that can be used to reduce NO3− to N2 under anoxic conditions, i.e.,
DOC, Fe2+, NH4+, H2S, and FeS.
2.4.3 Nutrients transport along the flow path
The non-conservative behaviour of nutrients within the STE makes it difficult to esti-
mate the export of nutrients to the coastal ocean. As pointed out by the recent review
of Moore (2010a), robust measurements of nutrient fluxes are needed on a site-specific
scale to obtain accurate regional and global estimates. In non-conservative systems,
however, the determination of appropriate nutrient end-member concentrations for flux
calculations is not straightforward. Beck et al. (2007) previously highlighted the need to
closely scrutinize the biogeochemical processes in the STE to refine nutrient export to
coastal areas. Here, inorganic and organic N inventories (in µmol) were explored along
the groundwater flow path to the beach face. Based on these inventories, the nitrogen
fluxes out of the STE were estimated and compared to the fresh groundwater-borne
nutrient fluxes. Fluxes and inventories of the different N species along the groundwater
flow path are summarized in Figure 23.
a) Nitrogen inventories
Nutrient inventories were calculated by integrating nutrient concentrations at three dis-
tinct sampling locations along the transect and multiplying by the sediment porosity
(i.e., 0.25; Chaillou et al., 2012). Nitrogen inventories were calculated onshore of the
STE, and at both the high and low tide marks (Fig. 19C). Inorganic and organic nitro-
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gen inventories are presented in Table 6. In the inland groundwater, fresh groundwater
was rich in DON (Table 5). DIN represented only 33% of the TDN, with NOx making
up 95% of the inorganic pool (Table 5). In the onshore sample, DON was still the main
N species with an inventory of 32.05 µmol (Table 6). However, a shift from NOx to
NH4+ occurred from the inland groundwater to the onshore sampler. NOx became a
negligible fraction (NOx inventory = 0.029 µmol) whereas NH4+ was the main inor-
ganic fraction (NH4+ inventory = 28.08 µmol). The inland groundwater clearly acted
as a source of nitrogen to the beach groundwater, as has been observed in other STEs,
such as in Dor Bay (Mediterranean coast; Weinstein et al., 2011), Cockburn Sound
(western Australia; Loveless and Oldham, 2010, and Waquoit Bay (Cape Cod, MA;
Talbot et al., 2003; Gonneea and Charette, 2014). However, the groundwater-borne N
load was low in comparison to the above-mentioned sites, where fresh groundwater
NOx concentrations as high as 300 µmol L−1 were reported. NH4+ is clearly produced
along the groundwater flow path from the aquifer to the STE. The TDN pool did not
change significantly between fresh inland groundwater and beach groundwater (based
on the addition of TDN inventories), At the high tide mark, a strong production of
TDN is observed: DIN, NH4+, and DON increased by 169, 167, and 158%, respec-
tively (Figure 23). Nitrate hotspots were also observed, as shown in Figure 21A. NH4+
production is larger than the groundwater-borne NOx depletion, and thus could not be
supported only by nitrate reduction. The high DON concentrations and the tidal input
of oxygen in this zone favored the establishment of oxic / anoxic reactions of miner-
alization that concomitantly produced high NH4+ and, to a lesser extent, NOx. Based
on the previous work of Couturier et al. (2016), the nitrogen source was probably the
mineralization of terrestrial organic matter rather than marine organic matter. This zone
of strong in situ TDN production, at the high tide mark, altered the groundwater-borne
N pool which is discharged to the coastal ocean, by enhancing both DIN and DON. At
the low tide mark, less than 15 m further, the N pool decreased to reach similar inven-
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tories observed at the onshore sampler. The intertidal zone therefore acts as a filter for
in situ N production, whereby beach groundwater undergoes ammonification, nitrifica-
tion, nitrate reduction, and dilution with low nutrient seawater that is tidally advected
into the beach face, and loss by SGD to Martinique Bay. The low nutrient load and
rapid recirculation of seawater in this zone limit the establishment of conditions favor-
able for denitrification, and could favor the export of TDN produced in the STE to the
coastal ocean. Our findings show that groundwater-borne TDN, in the form of NO3−
and DON, is mostly attenuated along the groundwater flow path, but a ”new” N pool is
produced within the STE. Nevertheless, if the TDN produced in the STE is released to
coastal waters, it can be expected to exacerbate coastal eutrophication.
Table 6: Nutrient inventories estimated along the STE. Inventories were calculated at
3 distinct sampling sites as presented in Figure 19C. For dissolved inorganic nitrogen
(NH4+, NOx), the 2013 data set was used. For dissolved organic nitrogen, concentra-
tions measured in 2012 were used.
Inventories [µmol]
Samplers location NH4+ NOx DIN DONa TDNa
Onshore 28.03 0.02 28.08 32.05 46.66
High Tide Mark 46.85 1.19 47.62 47.44 135.21
Low Tide Mark 21.66 0.04 21.77 14.64 37.20
a Calculated from 2012 sampling
b) Nitrogen fluxes delivery to coastal water
At Martinique Beach, fresh inland groundwater is a pathway for DON and DIN pro-
duced along the flow path to reach the coastal ocean. Integrating this in situ production
is critical to accurately estimate the impact that coastal boreal systems have on re-
gional and global nutrient budgets. The fresh groundwater-borne N fluxes have been
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calculated as the product of the DON, NOx and NH4+ concentrations of the fresh in-
land groundwater end-member and the rate of fresh groundwater discharge (Qinland =
1.75x10−5 m3 m−1 s−1) estimated by Chaillou et al. (2016) at the same site. Based on
mean concentrations values (Table 5), the flux of fresh groundwater-derived N was 0.07
mol NH4+ m−1 y−1, 37.54 mol NOx m−1 y−1, a corresponding DIN flux of 37.64 mol
m−1 y−1, and 63.57 mol DON m−1 y−1 (Table 7). The estimated groundwater-borne
TDN flux is around 102 mol m−1 y−1, corresponding to an annual N input of ∼1700
kg along the 1200 m of the Martinique Beach shoreline. This flux was dominated by
DON, and NOx was the dominant inorganic N species. Figure 23 presents a summary
of N fluxes along the flow path.
Table 7: N fluxes delivery to STE and exported to coastal ocean in mol m−1 y−1. Fresh
inland groundwater –borne fluxes was computed as the product of average concentra-
tions of N in groundwater end-member and the volume of fresh groundwater discharge
(Qinland). The exported N fluxes were the product of N inventory at the high tide mark
and the flow measured in the beach (Qbeach). Inorganic N fluxes were estimated on 2013
sampling and DON fluxes were based on 2012 sampling.
Fluxes mol m−1 y−1 NH4+ NOx DIN DONa
Qinland = 1.75 m3 m−1s−1
Fresh inland groundwater 0.07 37.54 37.61 63.57
Qbeach = 2.41 m3 m−1s−1
Exported N 42.80 1.10 43.90 43.38
a Calculated on 2012 sampling with hydrologic flow determined in 2013
Using the N inventory at the high tide mark as the potential beach groundwater end-
member, and assuming that all the in situ production is flushed out of the system by
the continental hydraulic gradient and tidal pumping, a maximal beach groundwater N
flux has been estimated. Based on the mean Darcy flow measured in the beach (Qbeach
= 2.41x10−5 m3 m−1 s−1; Chaillou et al., 2016), the exported N load thus calculated
is 42.8, 1.1 and 43.38 mol m−1 y−1 for NH4+, NOx, and DON respectively (Table 7).
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Figure 23: Schematic representation of N inventories at the onshore, high tide mark
(HTM) and low tide mark (LTM) samplers; fresh inland groundwater fluxes and exported
fluxes to coastal water.
DIN exported to the coastal ocean (43.9 mol m−1 y−1) is in the lower range of previous
measurements at other sites, such as the Mediterranean coast (France; 530 mol m−1 y−1;
Weinstein et al., 2011), the Gulf of Mexico (FL, USA; 414 mol m−1 y−1; Santos et al.,
2009), and the Atlantic Coast (Aquitania Coast, France; 150 mol m−1 y−1; Anschutz
et al., 2016). It is noteworthy that fewer studies report NH4+ as the main N species
exported to the coastal ocean compared to NOx, probably due to anthropogenic pres-
sure. Kroeger et al. (2007) showed high proportions of NH4+ and DON in SGD fluxes
to Tampa Bay (FL, USA) and concluded that anthropogenic N could also be exported
under these forms. Nevertheless, measurements of DON flux to the coastal ocean are
scarce. Kim et al. (2013) reported conservative mixing of DON, with export fluxes of
1.31×105 mol d−1 in Hwasun Bay (Jeju Island, South Korea) and in the Gulf of Mexico,
Santos et al. (2009) estimated that land-derived DON makes up ∼52% of the total SGD
discharge. Whatever N species is delivered to the coastal water, the maximum TDN
flux at the discharge face of the beach was about 88 mol m−1 y−1 (∼1500 kg N y−1), an
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input slightly lower than the fresh groundwater-borne N flux. Whereas the speciation
of inorganic N changed during transit, from NOx-rich to NOx-poor groundwater, the
production of NH4+ did not compensate for the loss of DON (probably due to mineral-
ization). The net effect of N transformations was to decrease the N load en route to the
sea, which means that at Martinique Beach the STE is a sink for terrestrially-derived
N as seen in other temperate and Mediterranean sites (Gonneea and Charette, 2014;
Loveless and Oldham, 2010; Weinstein et al., 2011).
This input of fresh groundwater N is in the range of fluxes measured by Paytan et al.
(2004) in various coastal areas in world (i.e., 400-100 000 kg N y−1) and in agreement
with the calculations recently proposed by Beusen et al. (2013) along boreal and sub-
arctic coasts (i.e., 1000 - 10000 kg N y−1). However, the calculated N flux is negligible
in comparison to the estimated 18.9 Tg of DIN delivered by world rivers to coastal
seas (Seitzinger et al., 2005), and, in particular, by the St. Lawrence River (i.e., 0.4
Tg y−1 ; Savenkoff et al., 1996; Thibodeau et al., 2010). This calculation gives a good
estimate of the impact of fresh groundwater N input in pristine regions without much
anthropogenic pressure. At a local scale, however, because rivers are absent in the
archipelago, this fresh groundwater N input probably plays a key role in the nutrient
budget of Martinique Bay.
2.5 Conclusion
This study highlights the role of the STE in processing groundwater-derived N. In
the boreal microtidal STE of Martinique Beach, chemical pathways and sources of
N species were studied. N is mobilized within the STE and we observed a shift in the
relative proportions of NO3− and NH4+ in coastal groundwater due to the removal of
NO3− and the addition of NH4+ within the STE. Nitrate loss along the flow path could
be attributed to the mineralization of OC, since DOC concentrations were elevated in
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the STE or to alternative reduction pathways due the transient system with temporal
variations in redox conditions (i.e., oxygen input). While the input of NO3− represents
32% (37.54 mol m−1 y−1) of the fresh groundwater input of TDN to the STE, NO3−
fluxes exported to the coastal environment only represent 1% of the total TDN export
flux. Thus NH4+ dominated the TDN load to Martinique Bay. Even if in situ NH4+
production was important in the Martinique Beach STE, these coastal aquifer sedi-
ments represent a sink for N in spring when aquifer recharge is maximal. This study
shows the export of N in groundwater discharge to the coastal ocean from a system
without anthropogenic pressure. The export of NH4+ and DON from the STE at Mar-
tinique Beach to the coastal bay remains uncertain, since the subsequent nitrification
and denitrification of regenerated NH4+ at the sediment-water interface may attenuate
groundwater-derived N loads to coastal waters. Moreover, strong variability in N flux
was observed within this highly dynamic system and reflects the challenge of accurately
estimating groundwater nutrient fluxes to the coastal ocean.
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Re´sume´
Les bacte´ries dans les eaux souterraines jouent un roˆle important dans les cycles bioge´o-
chimiques et sur la composition chimique des de´charges d’eaux souterraines. L’hydrody-
namisme induit dans les estuaires souterrains et les conditions transitoires qui en de´coulent,
fournissent un environnement unique pour certaines espe`ces bacte´riennes adapte´es a`
un me´lange eau douce-eau sale´e. Or la hausse du niveau marin menace directement les
processus bioge´ochimi-ques de ces syste`mes et l’e´cologie des communaute´s bacte´riennes.
Dans cette e´tude, la distribution de l’abondance et de la diversite´ bacte´rienne ont e´te´
e´tudie´es en relation avec les parame`tres environnementaux le long d’un estuaire souter-
rain bore´al (Iˆles de la Madeleine, Que´bec, Canada). La distribution des parame`tres
bioge´ochimiques a e´te´ documente´e pendant trois anne´es a` la pe´riode printanie`re. Le
compartiment bacte´rien a e´te´ e´value´ par des mesures d’abondance des bacte´ries libres
et attache´es ainsi que par l’abondance en acide nucle´ique dans les cellules bacte´riennes
[bacte´ries avec un fort contenu en acide nucle´ique (HNA) et un faible contenu (LNA)
qui permet la distinction entre deux groupes bacte´riens]. Les se´diments des Iˆles de la
Madeleine sont notamment caracte´rise´s par la pre´sence d’anciens sols forestiers enfouis
qui fournissent de la matie`re organique terrige`ne. Le compartiment bacte´rien est ainsi
principalement corre´le´ a` la disponibilite´ en carbone organique dissous et aux conditions
ge´ochimiques via les concentrations en fer. Les bacte´ries HNA sont dominantes dans
la zone intertidale contrairement aux bacte´ries LNA et apparaissent favorise´es par les
gradients de salinite´ et la diversite´ des sources (i.e., chl a et matie`re organique dissoute
(MOD) terrige`ne). Nos re´sultats confirment que le type et la qualite´ de la matie`re or-
ganique ont une influence sur la structure et l’abondance des communaute´s bacte´riennes
dans les estuaires souterrains.
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3.1 Introduction
A l’interface entre le continent et l’oce´an, les se´diments perme´ables des zones coˆtie`res
servent de connexion entre les eaux douces souterraines des aquife`res coˆtiers et les eaux
de recirculation sale´e. De´crits comme des  estuaires souterrains , ces environnements
sont caracte´rise´s par des gradients de salinite´ et de nutriments induits par une advec-
tion et une activite´ bioge´ochimique importante (Moore, 1999). Les de´charges d’eaux
souterraines (SGD) sont reconnues comme une voie de transport pour les nutriments,
les micro-organismes et les contaminants vers les e´cosyste`mes coˆtiers (Burnett et al.,
2006; Hwang et al., 2005; Santos et al., 2008). Les transformations bioge´ochimiques
induites durant le transport a` travers les estuaires souterrains modifient la composition
chimique des eaux souterraines et donc les apports aux e´cosyste`mes coˆtiers. Ainsi
l’influence des SGD sur l’e´cosyste`me coˆtier est aujourd’hui reconnue, notamment a`
l’e´chelle locale ou` l’apport de nutriments favorise l’eutrophisation des eaux coˆtie`res
(Diaz and Rosenberg, 2008; Slomp and Van Cappellen, 2004). Les micro-organismes
jouent un roˆle essentiel dans les cycles bioge´ochimiques des se´diments (Boehm et al.,
2004; Paytan et al., 2004). Parmi eux, les bacte´ries he´te´rotrophes sont les principaux or-
ganismes responsables des re´actions bioge´ochimiques dans les eaux souterraines (Fuss
and Smock, 1996). L’une des fonctions de ces bacte´ries est de de´grader la matie`re
organique (MO) et de recycler les e´le´ments inorganiques par des voies me´taboliques
telles que la sulfato-re´duction ou la de´nitrification. L’hydrodynamisme engendre´ dans
les se´diments perme´ables des estuaires souterrains par les forc¸ages physiques terrestres
(i.e., gradient hydraulique, niveau de nappe) et marins (i.e., pompe tidale, vagues,
e´ve`nements extreˆmes) favorise l’installation de conditions transitoires (e.g., variation
de la salinite´, oxyge`ne, concentrations en nutriments, carbone, diversite´ des sources de
carbone) (Fuhrman et al., 2006; Santos et al., 2009). Ces conditions transitoires vont
influencer la structure des communaute´s bacte´riennes. Il a ainsi e´te´ montre´ que les
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parame`tres environnementaux comme la concentration en carbone organique et chloro-
phylle a (Polymenakou et al., 2005), la pre´sence de contaminants, les concentrations en
nutriments et le type de carbone (Eiler et al., 2003) entraıˆnaient des modifications dans
l’abondance et la structure des communaute´s bacte´riennes (Lee et al., 2016). L’e´tude
de la relation entre la structure des communaute´s microbiennes et le fonctionnement
de l’e´cosyste`me est essentielle pour comprendre la re´ponse de ces communaute´s aux
parame`tres environnementaux. Dans les aquife`res, la composition des communaute´s
bacte´riennes est e´galement de´pendante des concentrations en nutriments organiques et
inorganiques (Besemer et al., 2005). Harry et al. (2016) ont par ailleurs montre´ dans un
aquife`re que deux groupes de communaute´s bacte´riennes diffe´rents (i.e., des bacte´ries
avec un contenu e´leve´ en acides nucle´iques (HNA) et des bacte´ries avec un contenu
faible en acides nucle´iques (LNA)) re´pondaient diffe´remment a` l’ajout de polluants :
les bacte´ries HNA deviennent dominantes sur les bacte´ries LNA apre`s ajout de pollu-
ants.
Le contenu en acide nucle´ique des bacte´ries (i.e., high nucleic acid (HNA) vs low nu-
cleic acid (LNA)) peut eˆtre utilise´ pour distinguer deux groupes bacte´riens et ainsi
e´tudier les modifications des communaute´s bacte´riennes. L’interpre´tation du contenu
en HNA et LNA des bacte´ries a longtemps e´te´ soumise a` controverse. Plusieurs e´tudes
ont fait le lien entre contenu en acide nucle´ique et me´tabolisme ainsi, les HNA e´taient
conside´re´es comme des bacte´ries actives contrairement aux LNA qui e´taient conside´re´es
comme e´tant inactives ou moins actives (Lebaron et al., 2001; Sherr et al., 2006).
Ne´anmoins, avec l’avance´e des techniques analytiques, cette vision a e´te´ contredite par
des e´tudes qui ont montre´ des activite´s me´taboliques importantes pour des bacte´ries
LNA (Longnecker et al., 2005; Zubkov et al., 2001). Dans une expe´rience en con-
ditions controˆle´es, Wang et al. (2009) ont montre´ qu’en conditions oligotrophes, la
croissance des bacte´ries HNA e´tait limite´e alors que les bacte´ries LNA avaient un taux
de croissance important au de´triment des bacte´ries HNA. Il est aujourd’hui reconnu
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que les bacte´ries HNA et LNA sont phyloge´ne´tiquement distinctes (Mary et al., 2006;
Schattenhofer et al., 2011). Les diffe´rents clades des groupes bacte´ries HNA et LNA
sont e´galement associe´s a` une taille de ge´nome diffe´rente. Les bacte´ries LNA ten-
dent vers une taille d’environ 2 me´gabases (Mb), alors que les HNA ont une taille de
ge´nome autour de 3-6 Mb (Schattenhofer et al., 2011). Les diffe´rents clades et quan-
tite´s d’ADN dans les 2 groupes refle`tent des strate´gies de vie diffe´rente. Les LNA sont
compose´es par un faible nombre de clades, le clade SAR 11 repre´sentant 60 a` 70% de
l’ensemble des bacte´ries LNA (Fuchs et al., 2005; Schattenhofer et al., 2011). Les SAR
11 sont un clade ubiquiste retrouve´s dans l’ensemble des oce´ans et milieux aquatiques
et repre´sentent environ 25% de toutes les cellules (Morris et al., 2002). Ils jouent un
roˆle essentiel dans le cycle des nutriments en milieu pe´lagique et sont spe´cialise´s dans
l’absorption de mole´cules organiques en milieu oligotrophe (Giovannoni et al., 2005).
A l’inverse, une dizaine de clades diffe´rents ont e´te´ observe´s au sein des bacte´ries HNA
(Schattenhofer et al., 2011). La diversite´ de ces clades et une taille de ge´nome plus im-
portante permettent en the´orie aux bacte´ries HNA d’eˆtre mieux adapte´es a` une varie´te´
de conditions environnementales alors que les populations LNA avec un plus petit
ge´nome ont une capacite´ d’adaptation plus limite´e et occupent des niches e´cologiques
plus spe´cifiques. Schattenhofer et al. (2011) ont e´tendu ces conclusions aux pre´ce´dentes
e´tudes sur l’activite´ bacte´rienne des bacte´ries HNA et LNA : les plus grosses cellules
bacte´riennes et les populations les plus diversifie´es, en l’occurrence les HNA auraient
une activite´ me´tabolique plus e´leve´e et plus rapide que les bacte´ries LNA.
Les SGD fournissent un environnement unique pour certaines espe`ces bacte´riennes
adapte´es a` un me´lange eau douce - eau sale´e ainsi qu’a` des conditions transitoires dans
les cycles bioge´ochimiques (Lee et al., 2016). Ye et al. (2016) et Olapade (2012) ont
montre´ que les groupes taxonomiques bacte´riens ont un roˆle e´cologique important dans
les flux de matie`re a` l’oce´an coˆtier selon les parame`tres environnementaux.
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Les aquife`res coˆtiers et les syste`mes littoraux seront tre`s vulne´rables a` l’augmentation
du niveau marin moyen des oce´ans (IPCC, 2014) au cours du prochain sie`cle. Les
sources d’apports de matie`re organique dissoute (MOD) et de nutriments ainsi que les
processus de transformations vont eˆtre modifie´s. L’alte´ration de ces environnements
terrestres par le milieu marin va donc influencer les processus bioge´ochimiques et la
structure des communaute´s microbiennes (Beck et al., 2011). Aux Iˆles de la Madeleine
situe´es dans le Golfe Saint-Laurent, l’augmentation du niveau marin est amplifie´e duˆ
a` un processus de subsidence (Juneau, 2012). Bernatchez and Dubois (2008) estiment
ainsi que 70% du littoral actuel des Iˆles de la Madeleine est a` risque de submersion.
Or a` la suite d’une pre´ce´dente transgression marine, des souches d’arbres et de tourbes
terrestres sont aujourd’hui retrouve´es enfouies sous les se´diments des zones littorales
ainsi que sous le niveau actuel de la mer a` plusieurs endroits des Iˆles de la Madeleine
(Dubois, 1992). La submersion de ces syste`mes a alte´re´ les apports de matie`re con-
tinentale aux oce´ans (Couturier et al., 2016). Les environnements littoraux actuels
des Iˆles de la Madeleine pre´sentent ainsi une signature terrige`ne due a` leur histoire
ge´ologique (cf. chapitre 1) et constituent un laboratoire naturel ide´al pour de´terminer
l’influence des environnements terrestres sur la bioge´ochimie et la structure des com-
munaute´s bacte´riennes en milieu marin.
L’objectif de cette recherche est d’e´tudier la dynamique bioge´ochimique et micro-
bienne dans l’estuaire souterrain de la plage de la Martinique situe´e aux Iˆles de la
Madeleine. Des suivis re´alise´s pendant trois anne´es a` la pe´riode printanie`re ont permis
de documenter la distribution des compose´s bioge´ochimiques ainsi que l’abondance
bacte´rienne dans les eaux souterraines. La distinction entre les communaute´s bacte´riennes
est re´alise´e entre les deux groupes de bacte´ries HNA et LNA. Une combinaison d’analyses
multivarie´es a e´te´ utilise´e pour e´valuer dans un premier temps l’influence des parame`tres
physico-chimiques sur la distribution du compartiment bacte´rien, et dans un deuxie`me
temps, l’influence de l’origine et de la composition de la MOD terrige`ne pre´sente dans
104
les se´diments de la plage de la Martinique.
3.2 Mate´riels et me´thodes
3.2.1 Site d’e´tude
Les Iˆles-de-la-Madeleine, dans le Golfe du Sain-Laurent sont un groupe de 15 ıˆles,
dont sept sont relie´es par des tombolos et appartiennent a` la province ge´ologique des
Appalaches (Brisebois, 1981). L’ıˆle principale, Cap aux Meules, repose sur un noyau
de roches volcaniques entrecoupe´es de gre`s de l’aˆge du Permo-Carbonife`re. La plage
de la Martinique, situe´e sur l’ıˆle principale de Cap aux Meules re´sulte d’une ancienne
se´quence de transgression marine. Des anciens sols forestiers et tourbes terrestres sont
ainsi retrouve´s dans les se´diments intertidaux (Juneau, 2012). Date´ a`∼900 cal BP (data-
tion C14, Juneau, 2012), cette matie`re organique terrestre est riche en carbone (carbone
organique total = 20% ; Couturier et al., 2016). Or ces syste`mes e´tant tre`s vulne´rable
a` l’e´rosion coˆtie`re, les anciens sols forestiers et tourbes terrestres se retrouvent ainsi
fragmente´s, hydrolyse´s et transporte´s a` l’oce´an. La couche supe´rieure de la plage est
constitue´e de sable marin issu de la se´dimentation moderne (Holoce`ne) avec une gran-
ulome´trie moyenne de 0,30 mm compose´s essentiellement de quartz (95%). L’aquife`re
de gre`s sous-jacent datant du Permien est compose´ de sables fins (∼ 0,1 mm) de silicate
et d’alumino-silicate avec certains grains encroute´s de fer (Chaillou et al., 2014). La
plage de la Martinique est une plage de faible e´nergie, l’effet des vagues et mare´es y est
limite´. La plage agit comme un aquife`re en nappe libre avec des e´coulements d’eaux
douces souterraines en direction de l’oce´an qui se produisent a` travers la plage (Chail-
lou et al., 2016). Une cellule de recirculation est pre´sente dans les se´diments intertidaux
ge´ne´re´e par les mare´es et les vagues. Le me´lange entre les eaux douces souterraines et
les eaux de recirculation sale´e en amont de la cellule de recirculation sale´e re´sulte en
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Figure 24: A) Localisation des Iˆles de la Madeleine dans le Golfe Saint Laurent, B)
Transect d’e´tude re´alise´ sur la plage de la Martinique.
une zone bioge´ochimique active (cf. chapitre 1 et 2).
3.2.2 E´chantillonnage des eaux souterraines
Les eaux souterraines de la plage de la Martinique ont e´te´ e´chantillonne´es en juin 2012,
2013 et 2015 le long d’un transect de 50 m de long, installe´ perpendiculairement a` la
ligne de rivage (Fig.24). En 2012, l’e´tude s’est inte´resse´e a` la partie supe´rieure de la
plage tandis que les pre´le`vements des anne´es 2013 et 2015 ont e´te´ concentre´s dans la
zone intertidale. Les pre´le`vements des nutriments et bacte´ries libres ont e´te´ re´alise´s
a` partir de pre´leveurs multi-profondeurs (Martin et al., 2003). Ces pre´leveurs d’une
hauteur de 2,30 m permettent d’e´chantillonner sur 8 profondeurs distinctes en fonction
du niveau pie´zome´trique. Les eaux souterraines ont e´te´ collecte´es a` l’aide d’une pompe
pe´ristaltique a` 10, 30, 50, 80, 110, 150, 190 et 230 cm sous la surface de la plage. Les
pre´le`vements ont e´te´ effectue´s 2 jours apre`s l’insertion des pre´leveurs afin de permettre
une stabilisation des se´diments. Les positions des pre´leveurs sont pre´sente´es a` la figure
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Figure 25: A) Localisation des carottes de se´diments pre´leve´es en 2013 et B) Profil de
l’abondance des bacte´ries attache´es extractables dans les carottes de se´diments
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Les parame`tres physico-chimiques (tempe´rature, pH, oxyge`ne dissous et salinite´) ont
e´te´ directement mesure´s a` la sortie des pre´leveurs en utilisant une cellule de flux mu-
nie d’une sonde multiparame´trique (600QS, YSI) (cf. chapitre 1 et 2). Une fois
les parame`tres stabilise´s, les eaux souterraines ont e´te´ collecte´es pour des mesures
d’ammonium, nitrates, nitrites, fer, mangane`se, chlorophylle a, carbone organique dis-
sous (COD), matie`re organique dissoute colore´e (CMOD) et de micro-organismes.
Tous les parame`tres ont e´te´ mesure´s chaque anne´e d’e´chantillonnage, a` l’exception
du CMOD qui a uniquement e´te´ mesure´ en 2013. L’abondance bacte´rienne des eaux
souterraines a e´te´ quantifie´e a` partir d’e´chantillons non filtre´s, fixe´e avec une solution
de glutaralde´hyde a` 1% puis rapidement congele´s a` -190 °C dans de l’azote liquide
(en 2012-2013) ou a` -80°C (en 2015). Trois carottes de se´diment pre´leve´es en haut
de plage, au centre (avant la zone intertidale) et dans la zone intertidale ont permis de
pre´lever des e´chantillons pour la mesure de l’abondance totale des bacte´ries (Fig.25).
A l’aide de seringues tronque´es et calibre´es, ∼5g de se´diments ont e´te´ pre´leve´s a` des
profondeurs distinctes (5, 10, 15, 20, 30, 70, 90, 100 et 130 cm). Les e´chantillons,
transfe´re´s dans des vials a` scintillation pre´-pese´s, ont e´te´ fixe´s avec 5ml de glutaralde´hyde
a` 1% puis rapidement congele´s. L’e´chantillonnage des eaux porales a e´te´ de´crit dans
les chapitres 1 et 2. Brie`vement, les e´chantillons d’eau ont e´te´ filtre´s a` travers une
capsule de filtration de 0,2 µm (Whatman Polycap) pour la mesure des compose´s in-
organiques (NH4+, NO3−, NO2−, PO43−, Fe2+, Mn) et a` travers des filtres GF/F de 0,7
µm pre´alablement bruˆle´s pour les mesures de COD et CMOD. Les e´chantillons pour
la mesure du COD ont e´te´ conserve´s a` 4°C dans des tubes en verre, pre´alablement
brule´s a` 500°C puis acidifie´s avec de l’HCl a` 10% a` purete´ e´leve´e. Les e´chantillons
pour la mesure du CMOD ont e´te´ conserve´s a` 4°C et a` l’obscurite´ dans des tubes en
verre, pre´alablement brule´s a` 500°C. Les e´chantillons de chl a et phaeopigments ont
e´te´ filtre´es sur des filtres GF/F 0,7 µm, qui ont ensuite e´te´ congele´s. Les e´chantillons
pour les analyses de nutriments (NH4+, NO3−, NO2−, PO43−) ont e´te´ conserve´s dans
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des tubes polye´thyle`ne puis congele´s. Les e´chantillons pour les mesures de phosphate
ont e´te´ pre´alablement acidifie´s a` l’acide nitrique avant conservation. Les e´chantillons
pour la mesure du fer et du mangane`se ont e´te´ pre´alablement acidifie´s a` l’acide nitrique
puis conserve´s a` 4°C.
3.2.3 Analyses
a) Analyses ge´ochimiques
Le COD a e´te´ mesure´ par combustion a` haute tempe´rature (HTC) avec un analyseur
Shimadzu TOC-Vcpn (Wurl and Tsai, 2009) avec une marge d’erreur infe´rieure a` 2%
pour des concentrations supe´rieures a` 1 mg L−1. Les pigments chlorophylliens (chl
a et phaeopigments) ont e´te´ extraits pendant 24h dans 90% d’ace´tone a` 5°C dans le
noir et mesure´s sur un fluorome`tre Turner Designs (10-005R) selon la me´thode de
Welschmeyer (1994). Le pourcentage de de´gradation de la chl a a e´te´ calcule´ par la
proportion de phaeopigments divise´e par la somme des pigments chlorophylliens (i.e.,
chl a et phaeopigments). Le CMOD a e´te´ mesure´ par spectrome´trie et fluorome´trie
afin de de´terminer des indices optiques, de´rive´s de l’absorbance et de la fluorescence,
repre´sentatifs de la composition de la MOD (Couturier et al., 2016 ; Chapitre 1). Trois
indices optiques de´rive´s des mesures d’absorbance sont utilise´s dans cette e´tude : i) le
coefficient d’absorption a375 exprime´ en m−1, indicateur de la concentration en CMOD
(Blough and Del Vecchio, 2002), ii) le rapport de pente, SR repre´sentatif du poids
mole´culaire de la MOD (Helms et al., 2008), iii) le SUVA254 en L mgC−1 m−1, in-
dicateur de l’aromaticite´ de la MOD (Weishaar et al., 2003). Deux indices issus des
mesures de fluorescence ont e´galement e´te´ utilise´s : i) l’indice de fluorescence, FI, in-
dicateur de la MOD d’origine terrestre (McKnight et al., 2001) et ii) l’indice biologique
BIX, marqueur de la MOD d’origine bacte´rienne (Huguet et al., 2010).
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L’azote inorganique dissous (NID) a e´te´ calcule´ en additionnant les valeurs d’ammonium,
de nitrates et de nitrites. L’ammonium a e´te´ mesure´ par injection en flux continu au
travers d’une cellule d’e´change gazeuse avec de´tection par conductivite´ (Hall and Aller,
1992) permettant une limite de de´tection de 0,1 µmol.L−1 et une pre´cision de ± 5%. Les
nitrates et nitrites ont e´te´ mesure´s simultane´ment a` partir de la me´thode colorime´trique
en microplaque de Schnetger and Lehners (2014). La pre´cision est de 2% avec une
limite de de´tection a` 0,4 µmol L−1. Les phosphates ont e´te´ analyse´s par la me´thode
colorime´trique de Murphy and Riley (1962). La pre´cision est <5%. Le fer et le man-
gane`se ont e´te´ mesure´s par spectrophotome´trie a` flamme d’absorption atomique, avec
une pre´cision <5%.
b) Mesure de l’abondance bacte´rienne des bacte´ries libres et attache´es
L’abondance totale des cellules bacte´riennes a e´te´ obtenue par extraction des bacte´ries
dans les se´diments selon un protocole adapte´ de Glud and Mathias (2004). L’extraction
des bacte´ries a e´te´ re´alise´e a` partir d’une solution de sodium pyrophosphate a` 5mM
suivie de trois cycles de sonication de 10 mn a` l’aide d’une sonde a` sonication (Piot
et al., 2014). Quatre extractions successives par e´chantillon ont ainsi e´te´ re´alise´es
pour obtenir un pourcentage d’extraction totale de 90%. Les bacte´ries extraites des
se´diments et des eaux souterraines ont ensuite e´te´ de´nombre´es par cytome´trie en flux
(Cytome`tre Beckman Coulter) apre`s marquage des acides nucle´iques avec du SYBR
Green I. Cette technique permet de diffe´rencier les bacte´ries HNA des bacte´ries LNA
sur la base de leur contenu en acides nucle´iques. La distinction entre HNA et LNA
n’a cependant pu eˆtre re´alise´e dans les se´diments en raison de la forte coloration des
e´chantillons due a` la pre´sence de matie`re organique dans les extractions.
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3.2.4 Analyses statistiques
Les relations entre les variables bacte´riennes et les variables environnementales ont
dans un premier temps e´te´ analyse´es a` l’aide de re´gressions multiples sur les anne´es
2012, 2013 et 2015. La tempe´rature, la salinite´, l’oxyge`ne dissous, le pH, la concentra-
tion en PO43−, NID, COD, Fe2+ et Mn ont e´te´ utilise´s comme variables explicatives.
L’abondance bacte´rienne totale, en HNA et LNA et la proportion de HNA ont e´te´
teste´es individuellement comme variable re´ponse. Avant les analyses de re´gressions
multiples, la normalite´ des donne´es a e´te´ teste´e a` partir du test de Shapiro-Wilk et une
transformation logarithmique (log10) a e´te´ applique´e sur l’ensemble des variables. La
distribution normale des re´sidus des re´gressions a e´te´ e´galement ve´rifie´e par le test de
Shapiro-Wilk et l’homoge´ne´ite´ des variances a e´te´ teste´e par une me´thode graphique
(Quinn and Keough, 2002). Des analyses de redondance (RDA) ont ensuite e´te´ utilise´es
afin de de´terminer les effets combine´s de ces variables sur la variabilite´ du comparti-
ment bacte´rien. La RDA est utilise´e afin de re´duire le jeu de donne´es a` un ensemble
de composantes (axes) qui repre´sentent au maximum la variabilite´ des donne´es orig-
inales (Ramette, 2007). La RDA renseigne e´galement sur la corre´lation entre chaque
variable environnementale. Les composantes principales dans la RDA repre´sentent les
combinaisons line´aires contraintes des variables environnementales. Les variables ex-
plicatives utilise´es comprennent l’ensemble des variables physico-chimiques utilise´es
dans les re´gressions multiples soit la tempe´rature, salinite´, oxyge`ne dissous, pH, PO43−,
NID, COD, Fe2+ et Mn. Dans une deuxie`me analyse, les effets des variables organiques
de´termine´es a` partir du CMOD ont e´te´ teste´s soit : la chl a, le COD et les indices op-
tiques (chl a, SR, SUVA254, FI, BIX, a375). Ces derniers indices sont utilise´s comme
indicateurs de la qualite´ de la MOD. L’abondance bacte´rienne totale, en HNA et LNA,
et la proportion de HNA ont e´te´ utilise´es comme variables re´ponses.
Les RDAs ont e´te´ effectue´es sur les donne´es de 2013. La base de donne´es initiale de
111
2013 comprend 101 e´chantillons et 19 variables inde´pendantes. Cependant, de nom-
breuses donne´es sont manquantes (i.e., perte d’e´chantillons, proble`mes analytiques,
etc..). Les donne´es manquantes e´tant re´parties ale´atoirement, la base de donne´es se
trouve ampute´e de 35% de son information lors de l’analyse de RDA. Pour e´viter cette
perte d’informations une imputation multiple a e´te´ effectue´e, base´e sur un appariement
moyen pre´dictif (Horton and Lipsitz, 2001). Les valeurs manquantes ont e´te´ comple´te´es
a` l’aide de valeurs pre´dites par un mode`le de re´gression. Un seuil de se´curite´ maximum
de 5% pour chaque variable a e´te´ utilise´. Ainsi si la perte de donne´es est supe´rieure a`
5% pour une variable, l’imputation n’est pas re´alise´e. Toutes les variables ont montre´
une perte d’information <5%. La distribution des donne´es originales et des donne´es
impute´es a e´te´ compare´e graphiquement pour valider l’imputation.
Une RDA partielle a ensuite e´te´ utilise´e pour de´terminer la contribution de chaque
variable environnementale individuelle sur la variabilite´ du compartiment bacte´rien en
prenant en compte l’effet des autres variables (Ramette, 2007). L’ensemble des vari-
ables (i.e., explicatives et re´ponses) ont e´te´ centre´es-norme´es pour les analyse de RDA
et RDA partielle. Finalement, la validite´ statistique des RDAs et des RDA partielles a
e´te´ teste´e avec 1000 permutations (p.value < 0,01).
Toutes les analyses statistiques ont e´te´ re´alise´es a` partir du logiciel R a` l’aide des pack-
ages vegan, shape and ape.
3.3 Re´sultats
3.3.1 Caracte´ristiques physico-chimiques
La distribution des variables environnementales de´crivant la zonation dans l’estuaire
souterrain a e´te´ de´crite dans les chapitres pre´ce´dents. Brie`vement, l’estuaire souterrain
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se caracte´rise par un e´coulement d’eau douce souterraine sub-oxique en profondeur et
par une cellule de recirculation sale´e oxique d’environ 60 cm de hauteur dans la zone
intertidale avec des salinite´s >15. La salinite´ de´croit ensuite rapidement sous la cellule
de recirculation sale´e pour atteindre des valeurs <5 en une dizaine de centime`tres. Une
zone de me´lange avec des eaux saumaˆtres (5 < S < 15) et des faibles concentrations
en oxyge`ne dissous ([OD] < 25%) est observe´e en amont de la zone intertidale. Les
concentrations en COD varient de 0 a` 10 mmol L−1 et diminuent de l’amont jusqu’a` la
zone intertidale. Les concentrations en NID et PO43− varient de 0 a` 300 µmol L−1 et de
0 a` 30 µmol L−1 respectivement. Les distributions du COD, NID et PO43− le long de
l’estuaire sont similaires, avec des maxima de concentrations retrouve´s en amont de la
cellule de recirculation sale´e, identifie´e comme une zone de production (cf. chapitres
pre´ce´dents). A l’inverse, la cellule de recirculation sale´e est caracte´rise´e par des con-
centrations plus faibles en COD, NID et PO43− (<2 mmol L−1 ; < 50 µmol L−1 et <
5 µmol L−1, respectivement). Le pourcentage de de´gradation de la chl a varie de 50 a`
100%, avec une moyenne de 60% le long de l’estuaire souterrain. Les plus forts pour-
centages de de´gradation (i.e., 85%) sont retrouve´s dans la cellule de recirculation sale´e.
Les eaux douces souterraines en amont de la plage sont appauvries en fer et mangane`se
avec des concentrations entre 0-400 µmol L−1 et 0-10 µmol L−1, respectivement. De
fortes concentrations sont retrouve´es dans les profondeurs de l’estuaire souterrain et
dans la zone de me´lange avec des maxima a` 1600 µmol L−1 pour les concentrations en
fer et a` 40 µmol L−1 pour les concentrations en mangane`se. La cellule de circulation
sale´e apparait ensuite moins concentre´e en me´taux dissous.
3.3.2 Distribution des bacte´ries totales extractables et libres
Les bacte´ries totales extractables (i.e., bacte´ries extraites a` partir des carottes de se´diment
collecte´es dans la plage) mesure´es dans l’estuaire souterrain pour l’anne´e 2013 varient
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Figure 26: Coupe transversale du transect repre´sentant la topographie et la distribution
de l’abondance bacte´rienne et de la proportion de bacte´ries HNA en 2012, 2013 et 2015.
Les profondeurs sont relatives au niveau marin moyen de la mer (0m). Les points blancs
repre´sentent les points de pre´le`vements a` partir des pre´leveurs dans l’estuaire souterrain.
Une interpolation line´aire (krigeage) a e´te´ utilise´e a` partir des points de pre´le`vements, le
mode`le d’interpolation reproduit les donne´es empiriques avec un niveau de confiance de
97%. La ligne noire repre´sente le profil de plage et la ligne en pointille´e le niveau de
nappe.
de 3,8x107 a` 3,2x109 cellules.g−1 (avec une valeur moyenne de 7,8x108 cellules.g−1,
Fig. 25). Dans la partie supe´rieure de la plage, une diminution brusque de l’abondance
est observe´e a` 50 cm sous la surface (Fig.25). En amont de la zone intertidale et dans la
zone intertidale, l’abondance bacte´rienne augmente avec la profondeur (e.g., de 4,3x108
a` 5,9x108 cellules.g−1). Le maximum d’abondance bacte´rienne est atteint en amont de
la zone intertidale avec une concentration maximale a` 3,2x109 cellules.g−1 a` 50 cm de
profondeur.
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L’abondance des bacte´ries libres dans les eaux souterraines pour les anne´es 2012, 2013
et 2015 varie de 1,2x105 a` 1,9x107 cellules mL−1 (avec une valeur moyenne de 2,20x106
cellules mL−1). Les bacte´ries libres repre´sentent de 10 a` 30% des bacte´ries totales
extractables. Les plus fortes concentrations sont pre´sentes dans la partie terrestre de
l’estuaire souterrain et localise´es principalement en surface (Fig.26). Une diminution
de l’abondance est observe´e avec l’augmentation de la profondeur passant de 5,4x106
cellules mL−1 a` 30 cm de profondeur a` 1,2x106 cellules mL−1 a` 150 cm de profondeur.
Une diminution de l’abondance du haut de plage en direction de la zone intertidale est
e´galement observe´e. La zone intertidale se caracte´rise ainsi par une abondance plus
faible en bacte´rie avec des valeurs infe´rieures a` 1x106 cellules mL−1. Aucune stratifi-
cation verticale n’est observe´e dans la zone intertidale ; l’abondance bacte´rienne reste
relativement constante de la surface jusqu’en profondeur. Un gradient dans la propor-
tion de HNA est cependant observe´ du haut de la plage vers la zone intertidale, mais
aussi de la surface vers le fond (Fig.26). Le pourcentage de HNA dans les eaux souter-
raines varie de 30 a` 80%. Les proportions les plus faibles sont retrouve´es dans le haut
de l’estuaire dans la partie supe´rieure de la plage (e.g., 40% a` 190 cm de profondeur).
Une augmentation de la proportion en HNA est observe´e du haut de plage vers la zone
intertidale. La proportion de HNA dans la zone intertidale, par exemple, est comprise
entre 60 et 80%. La cellule de recirculation sale´e est la zone la plus riche en bacte´ries
HNA. Une diminution de la proportion en HNA est observe´e sous la cellule de recircu-
lation sale´e avec des pourcentages allant de 35 a` 50%.
3.3.3 Relations entre variables environnementales et bacte´ries
Pour explorer les facteurs potentiels controˆlant les bacte´ries, des re´gressions multiples
ont e´te´ teste´es en utilisant un ensemble de variables environnementales physiques (i.e.,
salinite´, tempe´rature), chimiques (i.e., NID, PO43−, Fe, Mn, pH et DO) et biologique
115
(COD) utilise´ comme variables explicatives sur la composante bacte´rienne (i.e., abon-
dance bacte´rienne totale, abondance des HNA et LNA, proportion de HNA) utilise´e
comme variable re´ponse. Chaque variable re´ponse a e´te´ teste´e sur l’ensemble des vari-
ables environnementales. Les quatre re´gressions multiples sont significatives (p<0,001)
et expliquent entre 18% et 31% de la variabilite´ du compartiment bacte´rien (Tableau
8). Les variables bacte´riennes (abondance bacte´rienne totale, abondance des HNA et
LNA, proportion de HNA) montrent une relation significative avec la concentration en
COD (Fig.27). L’abondance bacte´rienne apparaıˆt e´galement corre´le´e a` l’oxyge`ne dis-
sous et tre`s fortement corre´le´e a` la concentration en fer dissous (p<0,01 et p<0,001,
respectivement). La relation entre la concentration en fer et le contenu en HNA et LNA
est e´galement significative (p<0,001). La proportion de HNA est la seule variable ne
montrant aucune relation significative avec le fer ; une relation positive et significa-
tive est ne´anmoins observe´e avec la salinite´ (p<0,001). L’oxyge`ne dissous et dans une
moindre mesure la salinite´ sont e´galement significativement corre´le´s avec le contenu
en LNA (p<0,001 et p<0,01, respectivement). Le COD et le fer apparaissent ainsi
comme les deux parame`tres explicatifs les plus importants pour expliquer la variabilite´
du compartiment bacte´rien.
3.3.4 Effets combine´s des variables environnementales sur le compartiment bacte´rien
a) Variables environnementales physico-chimiques
Comme plusieurs variables ont e´te´ observe´es pour expliquer la distribution du com-
partiment bacte´rien, des analyses de redondance (RDA) ont e´te´ utilise´es pour identifier
les variables principales explicatives et de´terminer les effets combine´s de ces variables
sur le compartiment bacte´rien. Dans cette e´tude, la RDA est base´e sur les variables
environnementales utilise´es dans les re´gressions multiples (Fig. 28A). Les variables
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Figure 27: Repre´sentation des re´gressions multiples les plus significatives (p < 0,05)
entre les variables environnementales (Fe, COD, S, et OD) et les variables bacte´riennes
(Abondance bacte´rienne, contenu en HNA et LNA, %HNA).
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Table 8: Re´sultats des analyses de re´gressions multiples testant les effets des vari-
ables tempe´rature, salinite´, oxyge`ne dissous, pH, NID, phosphate, fer et COD sur 1)
l’abondance bacte´rienne, 2) contenu en HNA et 3) contenu en LNA et 4) la propor-
tion de HNA des cellules bacte´riennes. Les variables explicatives les plus significatives
apparaissent en gras et ont e´te´ repre´sente´es dans la Figure 26
Bacte´ries HNA LNA %HNA
F 11,72 11,18 7,543 6,521
p <0,001 <0,001 <0,001 <0,0011
R2 ajuste´ 32% 31% 20% 18%
p.value
Tempe´rature 0,4752 0,2891 0,07196 0,4161
Salinite´ <0,05 0,1614 <0,01 < 0,001
OD <0,01 <0,05 <0,001 0,3178
pH 0,0614 0,0587 0,0992 0,0524
PO43− 0,9079 0,7012 0,7334 0,0620
Fe2+ <0,001 <0,001 <0,001 0,0866
NID 0,5954 0,7338 0,8526 0,7711
COD <0,01 <0,001 <0,001 <0,001
environnementales ainsi que les trois premiers axes de la RDA sont significativement
corre´le´s (p <0,001) avec les variables bacte´riennes et expliquent 19% de la variance to-
tale. L’axe 1 de la RDA (RDA1) explique 14% de la variabilite´ et refle`te principalement
les changements dans l’abondance bacte´rienne et le contenu en HNA et LNA. Cet axe
est de´termine´ par la tempe´rature, le pH ainsi que le fer et le mangane`se. La tempe´rature
et le pH sont positivement corre´le´s avec les variables bacte´riennes alors que le fer et
le mangane`se montrent une corre´lation ne´gative. L’axe 2 (RDA 2) explique seulement
4% de la variabilite´ et est de´termine´ majoritairement par les concentrations en COD
et par la salinite´. La proportion en HNA, associe´e a` l’axe 2, est ne´gativement corre´le´e
avec le COD et positivement corre´le´e avec la salinite´, ce qui confirme les re´sultats des
re´gressions line´aires. L’axe 3 (RDA 3, donne´es non montre´es) explique seulement 1%
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de la variabilite´ totale, le NID en est le principal contributeur. Ne´anmoins, aucune
variable re´ponse n’apparait significativement corre´le´e avec l’axe 3. Le phosphate et la
concentration en oxyge`ne dissous sont les deux variables explicatives ayant le moins
d’influence sur le compartiment bacte´rien et ne contribuant pas de manie`re significative
aux composantes de la RDA.
A) Variables environnementales
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Figure 28: Analyse de redondance principale base´e sur A) les variables environnemen-
tales et B) les variables organiques. Les fle`ches rouges repre´sentent les variables explica-
tives et les fle`ches noires les variables re´ponses, les points repre´sentent la position des
e´chantillons. Les fle`ches indiquent la direction de la variation maximale et la longueur des
fle`ches la contribution pour chaque variable. L’angle entre chaque fle`che est repre´sentatif
de la corre´lation entre les variables.
b) Effet de la composition de la matie`re organique dissoute
Les re´sultats des re´gressions multiples et de la RDA base´e sur les variables physico-
chimiques ont mis en e´vidence l’influence significative de la concentration en COD sur
la distribution du compartiment bacte´rien. L’effet de la composition de la MOD sur
les variables bacte´riennes a donc e´te´ teste´ inde´pendamment des parame`tres physico-
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chimiques (Fig.28B). Pour cela les indices optiques calcule´s a` partir du CMOD en 2013
(section 2.3.1 et chapitre 1) ont e´te´ utilise´s comme traceur de l’origine et de la composi-
tion de la MOD. Une nouvelle RDA a donc e´te´ re´alise´e avec les indices optiques : a375,
SR, SUVA254, FI et BIX, ainsi que le % chl a et le COD. Les variables organiques ainsi
que les trois premiers axes sont significativement corre´le´s aux variables bacte´riennes
(p<0,001). La RDA explique 37% de la variabilite´ du compartiment bacte´rien, ce
qui repre´sente le double de ce qu’expliquent les variables environnementales physico-
chimiques. L’axe 1 (RDA1 ; 27% de la variabilite´) est lie´ positivement aux indices op-
tiques SR et SUVA254, marqueur de la composition mole´culaire de la MOD (i.e., poids
mole´culaire et aromaticite´) ainsi qu’au % chla. L’abondance bacte´rienne, le contenu
en HNA et LNA sont ainsi ne´gativement corre´le´s a` la composition de la MOD. L’axe
2 (RDA2 ; 8% de la variabilite´) est positivement corre´le´ avec les changements de con-
centration en COD. L’axe 3 (RDA 3 : 2% de la variabilite´) est principalement corre´le´
aux indices optiques a375, marqueur de la concentration en CMOD et aux indices FI et
BIX, indicateurs de l’origine de la MOD.
c) Effets combine´s des variables organiques et physico-chimiques
Des RDAs partielles ont e´te´ utilise´es pour tester l’effet individuel de chaque parame`tre
sur la distribution du compartiment bacte´rien en prenant en compte l’ensemble des
parame`tres environnementaux (Tableau 8). Les re´sultats des RDAs partielles mon-
trent que l’ensemble des variables environnementales et organiques ont une influence
significative sur le compartiment bacte´rien (p<0,05). Quelques variables montrent
ne´anmoins une corre´lation plus significative que d’autres avec une p.value <0,001, c’est
notamment le cas du COD, du pH et du fer. La tempe´rature, le % chl a et le SR sont
les variables ayant le moins d’influence sur la variabilite´ de la composante bacte´rienne
lorsque toutes les autres variables sont prises en compte.
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Table 9: Effets des diffe´rentes variables organiques et physico-chimiques sur la dis-
tribution du compartiment bacte´rien dans les eaux souterraines de la plage. La RDA
totale a e´te´ applique´e pour calculer l’effet combine´ de toutes les variables puis l’effet de
chaque variable a e´te´ calcule´ en prenant en compte l’effet des autres variables a` partir
de RDAs partielles.
Variables F p.value
RDA totale 6,0912 <0,001
COD 5,6470 <0,001
Fe 5,7151 <0,001
pH 5,2941 <0,001
Salinite´ 5,5560 0,02
Oxyge`ne dissous 5,7198 0,02
NID 4,6739 0,02
SUVA254 5,2509 0,02
a375 5,4440 0,02
BIX 5,4404 0,02
Mn 5,7725 0,03
PO43− 5,7165 0,03
FI 5,4098 0,03
Tempe´rature 4,4432 0,08
% chl a 4,7942 0,08
SR 3,4572 0,1
3.4 Discussion
3.4.1 Portrait des abondances bacte´riennes dans l’estuaire souterrain
L’abondance des bacte´ries libres (i.e., 105 a` 107 cellules mL−1) et attache´es (108 a` 109
cellules g−1) pre´leve´es dans les eaux souterraines et les se´diments de la plage de la
Martinique correspondent aux abondances retrouve´es dans les se´diments perme´ables
(Llobet-Brossa et al., 1998; Rusch et al., 2003). Le transport par advection dans ce
type de milieu induit un renouvellement rapide des conditions ge´ochimiques tandis
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que la taille des grains des se´diments perme´ables limite les surfaces d’attaches pour
les bacte´ries. Les bacte´ries libres repre´sentent en moyenne 0,01 a` 30% des bacte´ries
totales dans les se´diments perme´ables (Griebler et al., 2002). Dans l’estuaire souter-
rain de la plage la Martinique, les bacte´ries libres repre´sentent en moyenne 16% des
bacte´ries attache´es. Ce pourcentage varie le long de l’estuaire souterrain. Le pourcent-
age de bacte´ries libres est plus e´leve´ en haut de plage (20%) et diminue du continent
vers la zone intertidale pour atteindre 14%. L’hydrodynamisme induit dans la zone in-
tertidale par les mare´es et les vagues peut eˆtre en partie responsable de la diminution de
l’abondance des bacte´ries libres et attache´es dans cette zone. Kara and Shade (2009)
ont montre´ que l’hydrodynamisme engendre´ par les mare´es e´tait un des principaux fac-
teurs responsables de la composition des communaute´s bacte´riennes dans la zone de
de´charge en relation avec l’oxyge`ne et la concentration en carbone.
Associe´e aux conditions hydrodynamiques, la disponibilite´ en nutriments et MOD ainsi
que les parame`tres physico-chimiques vont influencer la distribution de l’abondance et
des communaute´s bacte´riennes dans l’estuaire souterrain. Dans les aquife`res, le rapport
bacte´ries libres/bacte´ries totales peut eˆtre utilise´ comme un indicateur de la disponi-
bilite´ en nutriments (Griebler et al., 2002). Ainsi, le rapport bacte´ries libres/bacte´ries
attache´es augmente avec la concentration en nutriments (Bengtsson, 1989; Griebler
et al., 2002). En milieu oligotrophe, le rapport bacte´ries libres/ bacte´ries attache´es
est conside´re´ comme faible, la croissance sur la surface du se´diment e´tant un avan-
tage se´lectif due a` un meilleur acce`s aux nutriments qui tendent a` s’accumuler sur
les surfaces (Bachofen et al., 1998). Ainsi dans l’estuaire souterrain une modifica-
tion de la disponibilite´ en ressources dans les eaux douces souterraines par rapport a`
la zone intertidale pourrait expliquer la diminution du pourcentage de bacte´ries libres
ainsi que l’augmentation du pourcentage de bacte´ries HNA. Ne´anmoins, une limita-
tion des ressources comme parame`tre explicatif de la distribution de l’abondance et des
communaute´s bacte´rienne est peu envisageable dans les eaux souterraines. En effet,
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les concentrations en nutriments et MOD sont e´leve´es dans les eaux souterraines de la
plage (1,15 mmol COD L−1 et 200 µmol NID L−1, respectivement ; cf. chapitre 1 et
2). Base´e sur les analyses de re´gressions, les concentrations en COD et fer sont les
deux principaux parame`tres corre´le´s au compartiment bacte´rien pre´sents dans les eaux
souterraines (Tableau 8). La concentration en COD est le seul parame`tre corre´le´ indi-
viduellement a` l’abondance et aux communaute´s bacte´riennes, la concentration en fer
e´tant uniquement corre´le´e a` l’abondance bacte´rienne totale, a` l’abondance en HNA et
LNA (Fig.27). De plus, la salinite´, positivement corre´le´e a` la proportion de bacte´ries
HNA pourrait expliquer la dominance des bacte´ries HNA sur les bacte´ries LNA dans la
zone intertidale compare´ aux eaux douces souterraines du haut de plage. Le comparti-
ment bacte´rien apparait ainsi d’une part lie´ a` la disponibilite´ en ressource et d’autre part
de´termine´ par la capacite´ des communaute´s bacte´riennes a` croıˆtre selon les conditions
ge´ochimiques ou selon les conditions hydrodynamiques (Balser et al., 2006).
3.4.2 Effet des variables environnementales
Base´ sur la RDA, l’abondance bacte´rienne dans les eaux souterraines est principale-
ment affecte´e par les variations de tempe´rature, de pH et par la concentration en fer et
mangane`se (Fig.28A). Ces parame`tres ont un effet direct sur la croissance bacte´rienne
dans les environnements marins : la tempe´rature et le pH vont influencer l’activite´
me´tabolique des bacte´ries. Mora´n et al. (2011) montrent une corre´lation positive en-
tre la production bacte´rienne et la tempe´rature. La concentration en fer, inversement
corre´le´e a` l’abondance bacte´rienne traduit la pre´sence de processus lie´s au fer. L’estuaire
souterrain de la plage Martinique est caracte´rise´ par de fortes concentrations en fer
(concentration moyenne a` 500 µmol L−1), celui-ci jouant probablement un roˆle pre´ponde´-
rant dans les processus de pie´geage de la MOD et dans la de´nitrification (cf. chapitre 1
et 2). On peut ainsi supposer que plusieurs communaute´s bacte´riennes sont de´pendantes
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de cette ressource (Fe re´ducteurs) permettant notamment l’oxy-dation du fer. Cepen-
dant, l’oxyge`ne e´tant l’oxydant libe´rant le plus d’e´nergie lors des processus de respi-
ration microbienne, il est e´tonnant d’observer que l’oxyge`ne ne soit pas un parame`tre
significatif pour l’abondance et les communaute´s bacte´riennes. Les nutriments inor-
ganiques, comme le NID et les phosphates ne sont e´galement pas des variables signi-
ficatives pour le compartiment bacte´rien que ce soit individuellement ou en combinai-
son des autres variables (Tableau 9). Or en milieu coˆtier, l’azote, conside´re´ comme
limitant, conditionne l’activite´ me´tabolique des micro-organismes. De nombreuses
e´tudes ont ainsi mis en e´vidence les relations entre apports d’azote et phosphate en
milieu coˆtier et les communaute´s bacte´riennes, les rapports azote/phosphate e´tant tout
aussi de´terminant pour les activite´s bacte´riennes (Landa et al., 2013; Olapade, 2012;
Schwab et al., 2016). Dans les eaux souterraines de la plage de la Martinique, on peut
estimer que les ressources en NID et phosphate ne sont pas limitante pour la croissance
bacte´rienne dans le milieu, la ressource en carbone dominant les besoins e´nerge´tiques
des communaute´s bacte´riennes.
Alors que les parame`tres physico-chimiques influencent l’abondance bacte´rienne, les
conditions de salinite´ et la ressource en COD modifient principalement la structure
des communaute´s bacte´riennes. La salinite´ et le COD sont inversement corre´le´s dans
les eaux souterraines confirmant le me´lange non-conservatif et la production du COD
dans les eaux souterraines (Couturier et al., 2016). Positivement relie´es a` la salinite´, les
bacte´ries HNA sont favorise´ dans la zone intertidale et par le me´lange entre eaux douces
et eaux sale´es contrairement aux bacte´ries LNA de´pendante de la ressource en COD.
Ainsi la salinite´ est probablement un facteur se´lectif des communaute´s bacte´riennes
comme montre´ par Santos (2008). Ces auteurs ont mis en e´vidence une inversion
des communaute´s (β-proteobacte´ria vs Archaea) le long d’un gradient de salinite´ d’un
estuaire souterrain (Huntington Beach, CA, USA). Les variations d’oxyge`ne et de
salinite´ induites dans cette zone sont des facteurs primordiaux pour les communaute´s
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bacte´riennes. Selon Loreau et al. (2003), une plus grande diversite´ de clades est syn-
onyme d’une plus grande stabilite´ et d’une plus grande re´silience aux changements.
Les bacte´ries HNA, regroupant une dizaine de clades, semblent ainsi plus compe´titrices
que les bacte´ries LNA (i.e., trois clades) dans la zone intertidale (Schattenhofer et al.,
2011). Les bacte´ries HNA semblent ainsi favorise´es par les gradients de salinite´ con-
trairement aux bacte´ries LNA. Il est cependant difficile d’estimer qui, de la salinite´
ou des concentrations en COD, de´terminent les abondances relatives en HNA et LNA
duˆ au me´lange non-conservatif du COD dans l’estuaire souterrain. Les analyses de
RDA partielles montrent que la concentration en COD est le parame`tre le plus expli-
catif de la variabilite´ du compartiment bacte´rien quand tous les autres parame`tres sont
pris en compte contrairement a` la salinite´ (Tableau 9). Ainsi, bien que les parame`tres
physico-chimiques influencent le compartiment bacte´rien, le COD est de´terminant pour
la diversite´ des communaute´s bacte´riennes.
3.4.3 Influence de la qualite´ de la MO sur le compartiment bacte´rien
La concentration en MO est depuis longtemps propose´e comme un parame`tre cle´ de
l’activite´ microbienne he´te´rotrophique dans les se´diments (Findlay and Sinsabaugh,
2003; Fuss and Smock, 1996). Or, la de´gradation de la MO par les communaute´s
he´te´rotrophes est de´pendante de plusieurs facteurs, notamment la qualite´ nutrition-
nelle de la MO qui va influencer l’activite´ bacte´rienne (Enrı´quez et al., 1993; Fis-
cher et al., 2002). Les re´sultats obtenus dans les eaux souterraines de la plage de la
Martinique concordent avec cette ide´e: la concentration et la composition de la MOD
expliquent jusqu’a` 37% de la variabilite´ de l’abondance bacte´rienne et des bacte´ries
HNA et LNA (contre 19% pour les variables environnementales ; Fig. 28B). Il est dif-
ficile de de´terminer si la corre´lation ne´gative entre le COD et les bacte´ries HNA est duˆ
a`l’origine du carbone organique (i.e., terrestre vs marin) ou si les bacte´ries HNA sont
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plus adapte´es a` croıˆtre rapidement en conditions sale´es que les bacte´ries LNA. La con-
centration et la composition mole´culaire de la MOD apparaissent ici comme des fac-
teurs essentiels a` la distribution des communaute´s bacte´riennes. Les concentrations en
COD sont corre´le´es avec la structure des communaute´s bacte´riennes, l’abondance des
bacte´ries HNA diminuant avec l’augmentation de la ressource en COD. La ressource en
COD semble ainsi favoriser les bacte´ries LNA. Or les bacte´ries LNA sont ge´ne´ralement
associe´es aux eaux pauvres en MOD tandis que les bacte´ries HNA sont associe´es aux
milieux riches en MOD (Li et al., 1999; Stenuite et al., 2009). Le type de COD
disponible dans ces eaux souterraines pourrait expliquer la relation ne´gative entre les
bacte´ries HNA et le COD. Ainsi, des e´tudes ont mis en e´vidence la de´pendance des
bacte´ries HNA aux substrats phyto-planctoniques (i.e., produits de´rive´s de la produc-
tion primaire, lyse cellulaire du phytoplancton) pour leur croissance et leur activite´
me´tabolique (Belzile et al., 2008; Scharek and Latasa, 2007; Wetz and Wheeler, 2004).
Mora´n et al. (2011), montrent ainsi que, contrairement aux bacte´ries LNA, les bacte´ries
HNA sont fortement corre´le´es au carbone organique de´rive´ du phytoplancton dans
l’estuaire souterrain de Waquoit Bay (MA, USA). Bien que la teneur en chl a ne soit pas
une variable significative (Fig.28B, Tableau 9), la dominance des bacte´ries HNA dans
la zone intertidale peut eˆtre lie´e a` la MO de´rive´e du phytoplancton ainsi qu’a` la diver-
site´ des sources disponible (i.e., matie`re d’origine marine et terrige`ne). Les bacte´ries
HNA seraient ainsi meilleures compe´titrices que les bacte´ries LNA, plus compe´titrices
pour lorsque le nombre de ressource est limite´.
Quel que soit le groupe bacte´rien dominant dans les eaux souterraines de la plage de la
Martinique, l’origine de la MOD, caracte´rise´e par les indices FI et BIX(respectivement,
marqueur de la matie`re d’origine terrige`ne et de l’origine microbienne ; cf. chapitre
1), n’influence peu ou pas l’abondance et la structure des communaute´s bacte´riennes
(Fig.28). Ainsi plus que l’origine, c’est la composition mole´culaire de la MOD qui in-
fluence l’abondance bacte´rienne : le poids mole´culaire (SR) et l’aromaticite´ (SUVA254).
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La MOD de forte aromaticite´ a` faible poids mole´culaire entraine une faible abondance
bacte´rienne. Au contraire, la MOD de haut poids mole´culaire et de faible aromaticite´
est associe´e a` une augmentation de l’abondance bacte´rienne. Couturier et al. (2016)
ont sugge´re´ que la MOD de haut poids mole´culaire et de faible aromaticite´ e´tait issue
de l’hydrolyse des anciens sols forestiers pre´sents dans les se´diments de la plage de la
Martinique et responsable de la signature terrige`ne de la MOD. Bien que l’abondance
ne soit pas synonyme d’activite´ bacte´rienne, la corre´lation significative entre la com-
position mole´culaire de la MOD et l’abondance bacte´rienne indique ne´anmoins que la
MOD d’origine terrige`ne a une influence sur la croissance bacte´rienne. Dans leur e´tude,
Ruiz-Gonza´lez et al. (2015) montrent qu’a` travers les e´cosyste`mes aquatiques bore´aux
les traits fonctionnels des bacte´ries sont fortement influence´s par le type de la MOD et
particulie`rement la MOD terrige`ne. Nos re´sultats confirment que le type et la qualite´
de la matie`re organique ont aussi une influence sur la structure et l’abondance des com-
munaute´s bacte´riennes dans les estuaires souterrains. On peut supposer que la re´ponse
de l’activite´ bacte´rienne a` la MOD terrige`ne va de´pendre des diffe´rences me´taboliques
entre les diffe´rents taxons (Berggren et al., 2010; Olapade and Leff, 2006).
3.4.4 Interde´pendance des variables
La distinction entre l’influence de la qualite´ de la MO et les parame`tres physico-chimiques
est complexe, montrant l’interde´pendance des parame`tres pour le compartiment bacte´rien.
En conditions expe´rimentales, Martı´nez-Garcı´a et al. (2010) ont montre´ que la propor-
tion des bacte´ries HNA augmentait apre`s une addition de nutriments organiques et une
addition combine´e de compose´s organiques et inorganiques dans des eaux coˆtie`res ;
mais l’apport de nutriments inorganiques seuls n’a montre´ aucune influence (pe´ninsule
ibe´rique du Nord-Ouest, Espagne). La disponibilite´ en ressource est ainsi le facteur
cle´ pour la croissance bacte´rienne, prenant de ce fait le pas sur les processus fonction-
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nels. Les RDAs partielles mene´es sur toute la base de donne´es (155 e´chantillons et 15
variables) confirment, avec des p.value < 0,05 obtenues, l’interaction des conditions
environnementales et organiques sur l’abondance et les communaute´s bacte´riennes
(Tableau 9). Le COD, le fer et le pH sont les trois parame`tres les plus significat-
ifs pour la distribution du compartiment bacte´rien, re´ve´lant de ce fait l’implication
de la ressource en COD et des conditions environnementales ne´cessaires a` l’activite´
me´tabolique du compartiment bacte´rien. Les changements dans la composition mole´cu-
laire de la MOD (i.e., de compose´s a` haut poids mole´culaire avec une faible aromaticite´
vers des compose´s a` faible poids mole´culaire avec une forte aromaticite´) a` travers
l’estuaire souterrain ont e´te´ associe´s aux interactions avec les oxydes me´talliques (i.e.,
Fe et Mn) pre´sents dans le milieu (Couturier et al., 2016). La biodisponibilite´ et la com-
position de la MOD se trouvent ainsi alte´re´es par les oxydes de fer qui ont la capacite´ de
pie´ger la MOD dans les se´diments de fac¸on temporaire ou permanente (Lalonde et al.,
2012; Barber et al., 2014). En alte´rant la disponibilite´ de la ressource, ces processus
ont la capacite´ de modifier les structures des communaute´s bacte´riennes (Balser et al.,
2006). L’abondance et la composition des communaute´s bacte´riennes sont ainsi forte-
ment lie´es a` la signature terrige`ne de la MOD et la diversite´ des sources disponibles
pre´sente dans le syste`me. Le changement de communaute´s LNA et HNA le long de
l’estuaire souterrain peut-eˆtre relie´ a` une modification de la ressource en MOD (i.e.,
terrestre vs marine) et aux conditions ge´ochimiques (i.e., pH, fer). Beck et al. (2011)
ont de´montre´ que l’abondance et l’activite´ bacte´rienne dans les se´diments de la baie de
Janssand (Allemagne) e´taient lie´es aux conditions pale´o-environnementales. Ils con-
cluent que les processus bioge´ochimiques et les communaute´s microbiennes refle`tent
l’histoire ge´ologique des se´diments. Ainsi dans l’estuaire souterrain de la plage de la
Martinique on peut supposer que si l’on s’e´loigne de la zone intertidale vers le haut de
plage, une modification de structure des communaute´s bacte´riennes apparaıˆt, probable-
ment due a` l’augmentation de la signature terrige`ne de l’environnement.
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3.5 Conclusions
Cette e´tude a permis de dresser un premier portrait de la distribution de l’abondance
et des communaute´s bacte´riennes dans un estuaire souterrain bore´al. La diversite´ des
sources de MOD pre´sente dans ce syste`me est un facteur important re´gulant l’abondance
et les communaute´s bacte´riennes. Une modification de la structure des communaute´s
bacte´riennes est ainsi observe´e le long de l’estuaire. Les bacte´ries HNA sont dom-
inantes dans la zone intertidale, duˆ a` la diversite´ des sources alors que les bacte´ries
LNA sont lie´es aux conditions ge´ochimiques et a` la MOD produite dans l’estuaire
souterrain. Ne´anmoins, re´ve´le´e par les indices optiques du CDOM, la composition
mole´culaire de la MOD joue un roˆle dans la distribution des communaute´s. Ces mod-
ifications de la composition mole´culaire de la MOD sont le re´sultat des processus
bioge´ochimiques se produisant le long de l’estuaire. Ainsi les interactions entre la
MOD et les me´taux dissous sont probablement des facteurs cle´s dans la capacite´ des
communaute´s bacte´riennes a` de´grader la MOD a` travers l’estuaire souterrain. La pre´sence
des anciens sols forestiers dans les se´diments de la plage de la Martinique joue e´galement
un roˆle dans la distribution de l’abondance et la structure des communaute´s bacte´riennes.
Des analyses ge´nomiques portant sur les taxons bacte´riens permettront de comple´ter ces
re´sultats. La de´gradation de la MOD terrige`ne en milieu marin est depuis longtemps un
enjeu de recherche. En effet de toutes les fonctions bacte´riennes, l’utilisation du COD
est celle qui a le plus d’implications sur les e´cosyste`mes. Dans les zones humides, les
champignons ont de´veloppe´ un roˆle pre´ponde´rant dans les voies de de´gradation de la
MOD terrige`ne. Ainsi de nombreuses voies de recherche sont a` explorer pour pouvoir
estimer l’influence de la MOD terrige`ne sur l’environnement marin lors de la submer-
sion des e´cosyste`mes littoraux.
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CONCLUSION GE´NE´RALE
Les de´charges d’eaux souterraines en milieu coˆtier repre´sentent une voie d’e´change
majeure entre le continent et l’oce´an. Les processus bioge´ochimiques, biologiques et
physiques de ces syste`mes modifient les apports de compose´s dissous a` l’oce´an coˆtier.
L’e´tude des de´charges d’eaux souterraines est complexe, de nombreux facteurs e´tant
implique´s dans le controˆle de ces de´charges que ce soit sur le plan physique ou sur
le plan bioge´ochimique. A l’e´chelle du globe, les flux bioge´ochimiques mesure´s des
de´charges d’eaux souterraines refle`tent l’he´te´roge´ne´ite´ de ces syste`mes, d’ou` la com-
plexite´ de calculer des bilans nutritifs ge´ne´ralise´s a` l’ensemble des syste`mes coˆtiers
(Beusen et al., 2013; Burnett et al., 2006). Les e´tudes a` l’e´chelle locale sont ainsi indis-
pensables pour ame´liorer ces bilans. Dans ce contexte, ce travail de the`se avait pour ob-
jectif principal de dresser un portait exhaustif de la dynamique bioge´ochimique au sein
d’un estuaire souterrain en milieu nordique en re´pondant a` trois objectifs spe´cifiques :
1) de´terminer l’origine et les transformations bioge´ochimiques de la MOD, 2) identifier
les voies de transformations de l’azote et l’impact de ces processus de transformations
sur les flux des espe`ces azote´es a` l’oce´an coˆtier, 3) e´tablir les relations entre les pa-
rame`tres bioge´ochimiques et le compartiment microbien.
Pour re´aliser ces objectifs, l’estuaire souterrain de la plage de la Martinique (Iˆles de
la Madeleine, Canada) a e´te´ suivi pendant quatre anne´es. La plage se de´crit comme
un environnement de faible e´nergie avec une faible amplitude de mare´e. A la saison
printanie`re, durant les pe´riodes d’e´chantillonnage, la recharge de l’aquife`re principal
est importante en raison de la fonte des neiges. L’estuaire souterrain se caracte´rise ainsi
par un e´coulement important d’eau douce le long de la plage et une cellule de recircula-
tion sale´e limite´e dans l’espace a` cette saison. La particularite´ de ce syste`me nordique
repose sur la pre´sence d’anciens sols forestiers date´s de ∼900 cal BP enfouis dans
les se´diments perme´ables de la plage. L’ensemble des donne´es physiques, chimiques
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et biologiques re´colte´es repre´sente une importante base de donne´es (30 variables me-
sure´es sur plus de 250 e´chantillons) permettant l’e´tude de la dynamique des processus
bioge´ochimiques et donnant une base de re´fe´rence pour l’e´tude de ces syste`mes souter-
rains en milieu nordique.
Objectif 1 : Ces re´sultats montrent que les modifications de concentration de la MOD
et des nutriments lors de leur transport a` travers l’estuaire souterrain re´sultent de trans-
formations bioge´ochimiques et non d’une dilution entre les eaux douces souterraines
et les eaux sale´es. Ainsi, le temps de re´sidence et les conditions sub-oxiques cre´ent
un environnement favorable pour les processus de transformations des compose´s de la
MOD. La transformation de la MOD a` travers l’estuaire souterrain est ainsi le fait de
l’hydrolyse de la MO particulaire, de la de´gradation microbienne et des processus de
sorption/de´sorption avec les oxydes me´talliques. La mine´ralisation des anciens sols fo-
restiers enfouis dans les se´diments de la plage entraıˆne la production de MOD a` haut
poids mole´culaire, caracte´ristique de la MOD terrige`ne. La signature importante de la
MOD terrige`ne et le renouvellement rapide des compose´s microbiens nouvellement
produits expliquent les faibles indices de production microbienne observe´s. L’estuaire
souterrain est ainsi une zone de production de MOD et une source potentielle de
MOD terrige`ne a` l’oce´an coˆtier.
Objectif 2 : La dynamique des espe`ces azote´es confirme que l’estuaire souterrain de
la plage de la Martinique est une zone bioge´ochimique active. Les eaux souterraines
issues de l’aquife`re transportent de fortes quantite´ de nitrates qui sont comple`tement
atte´nue´es dans les eaux souterraines probablement en raison de la de´nitrification he´te´ro-
trophique. Associe´e a` la de´nitrification des nitrates, la mine´ralisation de l’azote orga-
nique dissous me`ne a` la production de fortes concentrations en ammonium. L’azote
est ainsi principalement exporte´ a` l’oce´an coˆtier sous la forme d’ammonium et d’azote
organique dissous par les de´charges d’eaux souterraines. Cependant, bien que la pro-
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duction d’ammonium soit importante dans l’estuaire souterrain, cette production ne
contrebalance pas la perte d’azote totale observe´e le long de l’estuaire souterrain. Les
voies de transformation modifient les concentrations des espe`ces azote´es le long de
l’estuaire souterrain, entrainant une perte d’azote total et l’exportation d’ammo-
nium et d’azote organique dissous a` l’oce´an coˆtier.
Objectif 3 : Les analyses statistiques montrent que l’abondance bacte´rienne ainsi que la
diversite´ des communaute´s bacte´riennes sont relie´es aux parame`tres environnementaux
et a` la ressource en carbone organique dissous dans l’estuaire souterrain. L’abondance
bacte´rienne et la structure des communaute´s bacte´riennes sont de ce fait principalement
de´pendantes de la disponibilite´ en carbone et controˆle´es par la capacite´ des commu-
naute´s bacte´riennes a` utiliser les ressources (e.g., les concentrations en fer). La compo-
sition mole´culaire de la MOD dissoute, produite dans les eaux souterraines, influence
l’abondance et la structure des communaute´s bacte´riennes, le groupe des bacte´ries LNA
e´tant favorise´ par la disponibilite´ en MOD terrige`ne contrairement aux groupes des
bacte´ries HNA. Pre´sente dans la zone intertidale, les bacte´ries HNA semblent favo-
rise´es par la diversite´ des sources de MOD et la salinite´. Une modification des com-
munaute´s se produit ainsi du haut de la plage vers la zone intertidale. La concentration
et la composition en MOD sont des parame`tres essentiels influenc¸ant le compartiment
bacte´rien. La signature terrestre de la MOD engendre´e par la pre´sence d’anciens
sols forestiers peut ainsi entraıˆner une modification de la structure et des fonctions
des communaute´s bacte´riennes.
Ce travail de the`se montre que la plage de la Martinique en milieu nordique
est un re´acteur bioge´ochimique actif a` l’interface continent-oce´an ou` d’impor-
tantes transformations alte`rent la composition des de´charges d’eaux souterraines
a` l’oce´an coˆtier (Fig.29). L’estuaire souterrain est ainsi 1) une zone de production
et une source de MOD terrige`ne a` l’oce´an coˆtier, 2) une zone de transformation
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Figure 29: Mode`le conceptuel de´limitant un estuaire souterrain, les chapitres de cette
the`se ainsi que les principaux re´sultats obtenus par chapitre.
et un puits d’azote, 3) une zone influence´e par la ressource en MOD terrige`ne
pre´sente dans l’estuaire souterrain
Porte´e de l’e´tude
Mes travaux ont permis de mettre en avant la dynamique bioge´ochimique complexe
des estuaires souterrains en milieu nordique. Alors que dans ces environnements, ces
syste`mes sont encore peu ou pas e´tudie´s, ces travaux montrent la ne´cessite´ de s’y
inte´resser a` l’e´chelle locale.
Dans un premier temps, les travaux sur la MOD ont notamment mis en avant pour la
premie`re fois l’utilisation des indices optiques du CMOD comme marqueur de la com-
position et de l’origine de la MOD dans les estuaires souterrains. Largement utilise´ dans
les zones coˆtie`res et principalement les estuaires de surface, les indices optiques sont
encore peu utilise´ dans les syste`mes souterrains (Baker and Lamont-BIack, 2001; Bird-
well and Engel, 2010; Couturier et al., 2016; Kim et al., 2013). Le chapitre 1 montre
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comment les informations obtenues par la signature optique du CMOD comple`tent
notre compre´hension bioge´ochimique de ces syste`mes. Cette technique, a` faibles couˆts,
offre un large panel d’informations sur la MOD sans recourir a` de couteuses analyses
mole´culaires et gagnerait a` eˆtre plus utilise´e dans ces syste`mes. L’utilisation des indices
optiques pre´sente´s dans ces travaux peut eˆtre comple´te´e par la me´thode PARAFAC (Pa-
rallel Factor Analysis). Ce traitement statistique permet, a` partir des matrices d’exci-
tation et d’e´mission de fluorescence (EEM) et en se basant sur des bases de donne´es
ge´ne´rales, d’identifier de nombreux compose´s mole´culaires de la MOD.
Sur le plan fondamental, ces travaux de recherche contribuent a` ame´liorer nos connais-
sances sur le roˆle et les flux bioge´ochimiques des plages de sable en milieu nordique, ou`
les donne´es sont encore rares. Les re´sultats obtenus permettent ainsi de comple´ter les
banques de donne´es des flux bioge´ochimiques mesure´s dans les de´charges d’eaux sou-
terraines et d’ajouter un point de comparaison (Tableau 10). Les de´charges d’eaux sou-
terraines e´tant tre`s he´te´roge`nes en fonction des types d’environnements, de la latitude,
ces re´sultats soule`vent la question de ce que repre´sentent les flux bioge´ochimiques des
Iˆles de la Madeleine dans les bilans globaux, tant la diversite´ des syste`mes coˆtiers est
importante. Par exemple, les flux d’azote mesure´s exporte´s a` l’oce´an coˆtier sont compa-
rables aux flux moyens des de´charges d’eaux souterraines en e´cosyste`mes coˆtiers (i.e.,
400 – 100 000 Kg N par an ; Paytan et al., 2004).
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Tableau 10: Exemples de flux de carbone et d’azote en mmol j−1 par me`tre line´aire de coˆte mesure´s dans des de´charges d’eaux
souterraines a` l’oce´an comple´te´s par les re´sulats obtenus dans ces travaux. Les volumes des de´charges d’eaux souterraines
sont donne´s a` titre indicatif
Re´gions Volumes d’eaux Carbone Azote Re´fe´rences
mmol C m−1j−1 mmol N m−1j−1
North Inlet, SC, (USA) 11,5 (m3 m2 an−1) 2,4 Krest et al., 2000
Coˆte me´diterrane´enne (Israe¨l) 10 (cm j−1) 1450 Weinstein et al., 2011
Baie de Yeoja (Core´e) 87 (m3 m2 an−1) 26 Hwang et al., 2005
South Carolina (USA) – 4-17 Andrea et al., 2002
Jeju Island (Core´e) 4,5x107 (m3 j−1) 1147 Kim et al., 2013
North Carolina (USA) 1,6x106 (m3) 13 Avery et al., 2012
Waquoit Bay (USA) 4,7 (m3 m1 an−1) 52-210 Gonneea and Charette,
2014
Turkey Point (USA) 31 -34(m3m1an−1) 3783 – 5382 1130 Santos et al., 2009
Coˆte Atlantique (France) 2,25 (m3m1an−1) 1020-4100 Anschutz et al., 2016
Golfe de l’Alaska 0.125 (m3m−1j−1) 4300 Lecher et al., 2016
Iˆles de la Madeleine (Qc) 2,41(m3m1an−1) 10118 1200 Couturier et al., 2016;
Chaillou et al., 2014,
2016
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Ne´anmoins, compare´s aux apports des rivie`res, les flux bioge´ochimiques engendre´s
par l’estuaire souterrain de la plage de la Martinique et estime´ a` l’ensemble du littoral
des Iˆles de la Madeleine sont ne´gligeables (i.e., fleuves = ∼18,9 Tg DIN; Seitzinger
et al. (2005) - Fleuve St Laurent = ∼ 0,4 Tg par an ; Savenkoff et al. (1996); Thibo-
deau et al. (2010)). Cependant a` l’e´chelle locale, les de´charges d’eaux souterraines a`
l’oce´an peuvent avoir un effet significatif (Moore, 2010b). Aux Iˆles de la Madeleine,
en l’absence de rivie`res, les de´charges d’eaux souterraines constituent l’unique apport
de nutriments et MOD a` l’oce´an coˆtier ; et les Iˆles de la Madeleine e´tant un milieu peu
anthropise´, les apports a` l’oce´an coˆtier via les de´charges d’eaux souterraines sont donc
suppose´s naturelles. De ce fait les apports d’ammonium et d’azote organique dissous,
qui sont des espe`ces azote´es facilement assimilables par les organismes marins favo-
risent la production primaire des zones coˆtie`res. En l’absence de contamination par
les nitrates, ces milieux montrent leur capacite´ de filtration des espe`ces azote´es pour
l’oce´an coˆtier.
Les anciens sols forestiers pre´sents dans les se´diments perme´ables de la plage de la
Martinique sont communs sur la fac¸ade des provinces maritimes du Canada et Nord-
Est des Etats-Unis (Dionne, 2001; Juneau, 2012). L’ensemble de ces syste`mes littoraux
sont des sources potentielles de MOD terrige`ne a` l’oce´an coˆtier. La majorite´ des e´tudes
portant sur les de´charges d’eaux souterraines en zone perme´able montrent que la MOD
exporte´e aux oce´ans provient de la zone de recirculation sale´e des estuaires souterrains
et est principalement d’origine marine (Anschutz et al., 2009; Avery et al., 2012; Kim
et al., 2012). L’exportation de MOD terrige`ne en milieu marin pose la question du deve-
nir et de l’effet de cette MOD terrige`ne, conside´re´e comme re´fractaire, sur l’e´cosyste`me
coˆtier. L’exportation de carbone organique terrestre peut avoir de fortes incidences sur
le fonctionnement de l’e´cosyste`me coˆtier : une modification de la biodisponibilite´ de
la MOD, une modification des communaute´s bacte´riennes, etc. Avec l’augmentation
des tempe´ratures et une e´le´vation moyenne du niveau marin moyen de 0,18 a` 0,59 m au
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cours du prochain sie`cle (IPCC, 2014), les flux de MOD et nutriments via les de´charges
d’eaux souterraines vont eˆtre modifie´s. La subsidence de la coˆte Nord-Est ame´ricaine
amplifie l’augmentation du niveau moyen marin, augmentant la vulne´rabilite´ de ces
syste`mes coˆtiers (Juneau, 2012). Les strate´gies de de´gradation de la MOD terrige`ne par
les micro-organismes mise en place dans ces milieux submerge´s vont eˆtre primordiales
pour les apports de MOD et nutriments aux oce´ans coˆtiers.
Ce travail de the`se sert ainsi de point de de´part pour l’e´tude de la vulne´rabilite´
et l’anticipation des modifications des fonctions chimiques des plages de sable en
milieu nordique face aux pressions anthropiques et aux changements climatiques.
Perspective ge´ne´rale
Si a` l’heure actuelle, l’influence des de´charges d’eaux souterraines sur les bilans glo-
baux est moindre compare´e aux apports des rivie`res, la forte vulne´rabilite´ de ces zones
littorales aux changements climatiques ne´cessite de comprendre leur roˆle bioge´ochimique.
En effet, l’influence de ces syste`mes sur les environnements coˆtiers va probablement
grandir en re´ponse a` l’augmentation des apports anthropiques et a` la hausse du ni-
veau marin qui va entraıˆner une augmentation des apports terrige`nes. Actuellement,
nos connaissances sur les de´charges d’eaux souterraines en Arctique sont tre`s limite´es.
La premie`re e´tude en Arctique, dans le Golfe de l’Alaska, montre que les de´charges
d’eaux souterraines sont une source d’azote et de fer qui rivalise avec les apports
des rivie`res (Lecher et al., 2016). Or, les auteurs pre´voient que ces flux vont aug-
menter en re´ponse a` la diminution de la couverture de glace combine´e a` la fonte du
perge´lisol. Les conse´quences de l’e´rosion coˆtie`re et de la fonte du perge´lisol sur les flux
bioge´ochimiques sont actuellement des questions de recherche fondamentale (Schuur
et al., 2015). Outre les importantes re´serves de gaz libe´re´es par la fonte du perge´lisol,
les apports de MOD terrige`ne aux milieux aquatiques et marins vont bouleverser les
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processus bioge´ochimiques de ces e´cosyste`mes.
Les proble´matiques de recherche sur les de´charges d’eaux souterraines sont ainsi
essentielles pour notre compre´hension des cycles bioge´ochimiques dans les e´cosyste`-
mes coˆtiers et notamment sur les conse´quences que vont engendrer les modifica-
tions des flux de matie`re.
Le de´fi dans l’e´tude des de´charges d’eaux souterraines tient de´sormais dans notre ca-
pacite´ a` re´gionaliser et globaliser les effets de ces de´charges d’eaux souterraines sur
l’oce´an. L’utilisation des mode`les pour quantifier les changements dans les apports
est une voie de solution. Aujourd’hui, ces mode`les permettent d’inclure une partie de
l’he´te´roge´ne´ite´ des syste`mes a` l’e´chelle du globe due a` l’hydroge´ologie, l’influence du
climat et la capacite´ de re´tention des syste`mes a` certaines espe`ces chimiques (i.e., azote
et phosphate ; Beusen et al., 2016). Ne´anmoins, l’inte´gration des processus de transfor-
mations au sein de ces mode`les constitue la prochaine e´tape et permettrait d’affiner
notre compre´hension des impacts des de´charges d’eaux souterraines a` l’oce´an. L’ac-
quisition de donne´es in situ et a` l’e´chelle locale demeure ainsi indispensable tant pour
permettre le de´veloppement des mode`les que pour valider leur pre´visions.
Limitations de l’e´tude
Comme la plupart des e´tudes portant sur les de´charges d’eaux souterraines, la diffi-
culte´ de pre´le`vement des eaux souterraines limite le nombre de transect d’e´tude re´alise´.
Ainsi, cette e´tude se base sur un seul transect perpendiculaire a` la ligne de rivage. De
ce fait l’he´te´roge´ne´ite´ spatiale sur la plage de la Martinique n’est pas prise en compte.
L’he´te´roge´ne´ite´ de ces syste`mes induit e´galement des biais pour la ge´ne´ralisation du
fonctionnement de ces syste`mes a` l’e´chelle re´gionale et globale.
Une des limites concerne la quantification des exportations via les de´charges d’eaux
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souterraines aux oce´ans coˆtiers. Les flux de compose´s dissous sont calcule´s en multi-
pliant les concentrations en nutriments par les de´bits d’eaux souterraines. A ce stade, le
proble`me re´sulte dans le choix de la concentration en nutriments a` utiliser. Ge´ne´ralement,
les concentrations mesure´es dans les eaux douces souterraines (i.e., aquife`res) sont uti-
lise´es, cependant cette me´thode occulte les transformations bioge´ochimiques se pro-
duisant lors du transport. D’autres techniques consistent a` re´aliser un inventaire des
concentrations dans les zones de de´charges des eaux souterraines (Gonneea and Cha-
rette, 2014 ; Chapitre 2) ou a` estimer des concentrations  effectives  dans la zone
de de´charge selon un gradient de salinite´ (Beck et al., 2007). Chaque me´thode induit
un biais dans les mesures. De plus, quel que soit ces me´thodes, les transformations a`
l’interface eau-se´diment ne sont pas prises en compte.
Malgre´ ces limites, les donne´es obtenues a` l’e´chelle locale sur ces syste`mes sont indis-
pensables pour comprendre les cycles bioge´ochimiques dans les syste`mes coˆtiers.
Perspectives
Ce travail de the`se a contribue´ a` ame´liorer nos connaissances sur la dynamique bioge´ochi-
mique des eaux souterraines d’une plage de sable nordique. Toutefois plusieurs voies
de recherche sont a` explorer pour comple´ter le portrait de ces syste`mes souterrains en
ge´ne´ral que ce soit a` court ou long terme.
Dans un premier temps, a` court terme, les travaux de maıˆtrise de Maude Sirois (UQAR)
doivent permettre d’e´claircir le roˆle du fer sur le pie´geage de la MOD. Le pie´geage de
la MOD par les oxydes de fer dans les se´diments entraıˆne sa pre´servation et alte`re
sa biodisponibilite´ (Lalonde et al., 2012). Bien que non de´finitif, cet e´tat modifie les
concentrations et la composition de la MOD et peut limiter les exportations a` l’oce´an.
Ces re´sultats renseigneront sur la mobilite´ de la MOD dans l’estuaire souterrain des
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Iˆles de la Madeleine.
Dans un deuxie`me temps, un suivi a` l’e´te´ et a` l’automne de la dynamique bioge´ochimique
de l’estuaire souterrain permettrait de dresser un bilan annuel complet des processus
bioge´ochimi-ques et des exportations de carbone et d’azote a` l’oce´an coˆtier. Plusieurs
e´tudes montrent une variabilite´ saisonnie`re des apports de nutriments a` l’oce´an coˆtier
due aux changements de tempe´rature et aux modifications des de´charges d’eaux souter-
raines (Avery et al., 2012; Gonneea and Charette, 2014; Roy et al., 2013) La saison es-
tivale aux Iˆles de la Madeleine est caracte´rise´e par une forte aﬄuence touristique, aug-
mentant les pressions de pompage sur les aquife`res. Bien que tre`s surveille´s, ces pom-
pages ainsi que la pe´riode estivale plus se`che vont affecter les niveaux pie´zome´triques,
modifiant les flux d’eaux souterraines et ainsi les exportations de MOD, carbone et
nutriments a` l’oce´an coˆtier.
Sur le long terme, plusieurs questions reposant sur les re´sultats pre´sente´s dans cette
the`se ont e´te´ identifie´es. Des proble´matiques ge´ne´rales de´coulent de ces questions et
quelques-unes sont pre´sente´es ici :
1) Quelles sont les flux de de´charges d’eaux souterraines a` l’interface eau-se´diment?
2) Quels sont les effets et le devenir de la MOD terrige`ne dans les e´cosyste`mes
coˆtiers?
3) Quelles sont les voies d’adaptation des micro-organismes en milieu marin a` la
de´grada-tion de la MOD terrestre?
1) Alors que de nombreuses transformations se produisent lors des e´coulements d’eaux
souterraines jusqu’a` l’oce´an coˆtier, des e´tudes ont e´galement montre´ l’efficacite´ des
processus bioge´ochimiques sur une e´chelle de 10 cm dans les se´diments perme´ables.
Cependant, tre`s peu d’e´tudes se sont attele´es a` mesurer les flux des de´charges d’eaux
souterraines a` l’interface eau-se´diment. Rao and Charette (2012) ont montre´ par des
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mesures ex situ que les se´diments perme´ables des zones de de´charges des eaux sou-
terraines e´taient caracte´rise´s par un taux important de fixation du N2, alte´rant ainsi les
flux d’azote estime´s dans les eaux souterraines. Des e´tudes concentre´es a` l’interface
eau-se´diment permettraient alors d’appre´hender les transformations des compose´s et
d’ame´liorer notre quantification des exportations. Des mesures in situ permettraient de
prendre en compte l’advection, mais ne´cessitent le de´ploiement de mate´riel adapte´ aux
conditions dynamiques.
2) La de´gradation de la MOD terrige`ne en milieu marin souffre d’un paradigme im-
portant (Bianchi, 2011). La MOD terrige`ne est majoritairement conside´re´e comme
re´fractaire, et donc difficilement mine´ralisable. Or, il a e´te´ estime´ que seulement 30% du
carbone organique terrestre provenant des rivie`res est enfoui dans les se´diments coˆtiers
(Burdige, 2005). Ces e´tudes sugge`rent ainsi que le carbone organique terrestre  absent
 est soit mine´ralise´ beaucoup plus rapidement que ce qui est attendu, soit transporte´
au large. La notion de  priming effect  se de´finit par une modification des taux de
de´gradation de la MOD re´fractaire lors d’apports de MOD labile. Relativement bien
documente´ en milieu terrestre, le  priming effect  en milieu marin est encore tre`s mal
compris. Le  priming effect  permettrait ainsi une mine´ralisation rapide de la MOD
terrige`ne en milieu marin. Ame´liorer nos connaissances sur les conditions de re´alisation
du  priming effect  permettrait d’anticiper les conse´quences d’une augmentation des
apports de MOD terrige`ne a` l’oce´an coˆtier.
3) Cette notion de  priming effect  nous rame`ne aux roˆles des communaute´s mi-
crobiennes et aux strate´gies de´veloppe´es pour l’assimilation de la MOD terrige`ne en
milieu marin. Re´cemment, Blanchet et al. (2016) ont montre´ un changement dans l’ac-
tivite´ bacte´rienne ainsi que dans la composition des communaute´s bacte´riennes dans
les eaux coˆtie`res en re´ponse a` des de´charges de rivie`re. Ces changements de l’ac-
tivite´ et des communaute´s ont e´te´ attribue´s a` diffe´rents types de MOD. La re´ponse
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des communaute´s bacte´riennes a` l’apport de MOD terrige`ne est essentielle pour le de-
venir de la MOD terrige`ne en milieu marin. Alors que les voies de transformations
bioge´ochimiques en milieu terrestre permettent une de´gradation de la MOD terrestre,
une meilleure compre´hension entre les voies de transformation terrestre et marine est
ne´cessaire pour mieux appre´hender le roˆle des communaute´s bacte´riennes.
Une e´tude combinant des analyses ge´nomiques bacte´riennes et des analyses mole´culaires
de MOD permettrait d’ame´liorer nos connaissances sur les vois de transformations de
la MOD terrige`ne en milieu marin. Afin d’identifier ces processus, un paralle`le entre
l’e´volution des voies de de´gradation de la MOD re´fractaire en milieu terrestre avec les
voies de de´gradation en milieu marin est indispensable.
Mot de la fin
Ce travail s’inscrit dans une compre´hension globale du fonctionnement des interfaces
coˆtie`res et de leurs implications dans les cycles bioge´ochimiques globaux. Ce champ de
recherche doit continuer a` eˆtre de´veloppe´ car de nombreuses inconnues demeurent. Ces
travaux montrent ne´anmoins la difficulte´ d’appre´hender la complexite´ de ces e´cosyste`mes.
Comme je l’ai pre´cise´ dans cette the`se, l’he´te´roge´ne´ite´ du milieu, la diversite´ des pa-
rame`tres physiques, chimiques et biologiques complexifient fortement la compre´hension
que nous avons de ces syste`mes. Notre vision nous pousse a` compartimenter l’e´tude des
e´cosyste`mes pour une meilleure compre´hension. Mais cette compartimentation ainsi
que l’angle par lequel on aborde le syste`me ont e´galement des limites. Par exemple,
lors de l’e´tude des de´charges d’eaux souterraines, un hydroge´ologue va conside´rer
les e´coulements d’eau douce et les relier aux re´serves d’eaux douces des aquife`res
et aux risques de salinisation via les intrusions d’eaux sale´es. Les oce´anographes vont
eux aussi conside´rer les e´coulements d’eaux douces mais comme des sources d’ap-
ports aux oce´ans. Si je suis bioge´ochimiste je vais me concentrer sur les processus,
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en tant que ge´ologue je vais m’inte´resser a` l’histoire de ces milieux et en tant que
biologiste a` l’e´cologie des organismes, en tant que vacancier je vais m’inquie´ter de la
tempe´rature de l’eau. Or toutes ces visions et compre´hension du syste`me sont valides,
mais il est ne´cessaire de les accorder pour arriver a` se comprendre et communiquer.
Des recherches interdisciplinaires sont a` mon sens indispensable pour ame´liorer nos
connaissances mais e´galement pour mieux communiquer a` l’ensemble des disciplines
y compris du grand public. Un travail de vulgarisation devrait ainsi eˆtre effectue´ en tout
temps.
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Abstract 
The paper presents evidence of the complexity of describing carbon transport from submarine groundwater discharge and chemical 
reactions in the subterranean estuary. Vertical and horizontal profiles of total alkalinity (TA) and dissolved inorganic carbon (DIC) 
concentrations were analyzed in a cross-shore transect of a sandy beach and an evaluation of DIC and TA fluxes to coastal waters 
is proposed based on groundwater discharge velocities and beach hydrogeology. The study was conducted in the Magdalen Islands 
in the Gulf of St. Lawrence (QC, Canada) where an unconfined sandstone aquifer rapidly discharges to the coastal ocean with a 
rate of  ~3000 m3 d-1. Increases in DIC and TA observed along the discharge pathway exceed the expected conservative mixing 
between inland groundwaters and seawater. This local production is attributed to anaerobic respiration. Slow groundwater velocity 
(1 to 9 cm d-1), low oxygen conditions (~20%) and redox oscillations probably induced by tidal pumping present a suitable 
environment for bacterially-mediated carbon oxidation and anaerobic respiration. Depleted ?13C-DIC (from ?14‰ to ?28‰) and 
the characteristic odour of H2S during sample collection support the idea that sulphate reduction may generate high alkalinity and 
DIC concentrations at the seepage face, leading to potentially high discharge to the coastal ocean at this beach (2.0 to 8.2 mol 
DIC/day and 1.9 to 7.9 mmol TA/day). To our knowledge, this study is the first attempt to estimate the transport and 
transformations of dissolved inorganic carbon by biogeochemical processes in the subterranean estuary of a northern sandy beach.  
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1. Introduction 
The land-ocean link is an important component of the global carbon cycle, which is still poorly constrained. 
Simplified depictions of the global carbon cycle have generally consisted of three boxes (ocean, land, and 
atmosphere) connected through neutral passive pipes. This paradigm defines the terrestrial carbon export as the 
passive transport of carbon from land to sea via surficial waters. However, submarine groundwater discharge (or 
SGD; defined as groundwater injected directly to the sea without entering surficial inland waters) may deliver 
substantial quantities of carbon to the ocean1,2. SGD occurs in many environments along the world’s continental 
margins3 usually as seeps at or below the water surface. These unseen inputs are a significant contributor to nearshore 
seawater chemistry and may locally enhance eutrophication and acidification in embayments and coastal waters4,5. 
Permeable sandy beaches are directly exposed to land and coastal driving forces that overlap to create a complex 
web of groundwater (or porewater) flow dynamics (ref. [6] for a complete review). Carbon dynamics in these coastal 
systems are still not well understood and the fluxes released are not yet integrated into global and regional 
biogeochemical budgets. However, decades of research have shown that permeable sediments, and particularly tidal 
sands, act as a very “active pipe” where important transformation and mineralization take place7-12. These 
transformations can directly modify the carbonate chemistry of groundwaters that transit to the sea, leading to 
changes in alkalinity, pCO2, and pH in overlying seawater13. While the role of coastal waters as a “sink” or a ”source” 
for inorganic carbon is not well defined, studying the transport and transformations of SGD-derived carbon through 
coastal permeable sediment is warranted. As unconfined groundwaters of sandy beaches represent a combination of 
meteoric groundwater and re-circulated seawater, the sources of carbon could be diverse and may also include 
limestone dissolution, sediment diagenesis and exchanges with the atmosphere. It is clear that all of these processes 
may have a great influence on dissolved inorganic carbon (DIC) and total alkalinity (TA) exported to the coastal 
water. Our understanding of the transport and transformation of carbon as it transits through sandy beaches suffers 
from a lack of data, particularly from northern regions. Biogeochemical dynamics in northern sandy beaches is 
largely unknown, while these regions are experiencing, and are expected to continue to experience, important climatic 
and hydroclimatic changes 14,15. 
In this study, we sampled the vertical and horizontal profile of groundwater discharging through a sandy beach in 
the Magdalen Islands (in the Gulf of St. Lawrence, QC, Canada) to provide a snapshot of TA and DIC concentrations 
and ?13C-DIC in spring (May/June 2012 -2013) when the unconfined aquifer had been recharged after a few weeks of 
snow melt. Specifically, we aimed to determine the origin and fate of TA and DIC in the pre-discharge beach 
groundwaters and to evaluate the flux of DIC and TA to coastal waters based on groundwater discharge velocity. To 
our knowledge, this study represents the first attempt to understand the transport and transformation of dissolved 
inorganic carbon by biogeochemical processes in a subterranean estuary of a northern sandy beach. 
2. Material and Methods 
2.1. Site description 
The Magdalen Islands in the Gulf of St. Lawrence comprise a group of some 15 islands of which seven are joined 
as tombolos. The main islands have a core of volcanic rocks that are interbedded with Windsor-age sediments (Late 
Visean) and flanked by sandstones of Permo-Carboniferous age16. These geologic formations composed of fine sands 
(mean grain size ~100 μm) are excellent aquifers and the major source of freshwater in the archipelago. Most of the 
Holocene sediments originate from the last glacial maximum and were reworked by waves and currents during the 
marine transgression that accompanied deglaciation. The region is under a cold temperate climate and annually 
receives ~1200 mm of precipitation as snow and rain, of which 30% recharges the aquifer17. Groundwater flows from 
the central volcanic recharge zone into the ocean through the sandstone formation. The discharge zone is not well 
characterised but, in the absence of surficial streams, hydrological models assume that ~96% of the fresh groundwater 
volume seeps annually to the coastal ocean via submarine and surficial groundwater discharge leading to discharges 
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around 3000 m3 d-1 (the rest - ~4% - undergoes domestic consumption)18,19. Discharge from the sandstone aquifer 
probably occurs through the sandy beach, through a narrow discharge zone (~100 m) that is not yet well defined.  
 
2.2. Sample collection  
Water samples were collected at low tide in May/June 2012 and 2013. This period corresponds to mid spring 
when the water table is high and the unconfined aquifer was recently recharged by thawing snow pack. We installed a 
50 m transect of multi-level samplers and piezometers20 perpendicular to the shoreline (M1-9 and Pz1-3, respectively in 
Fig. 1). Pressure loggers (HOBO models) were inserted into piezometers to monitor the water level fluctuations over 
the sampling period. Multi-level samplers were designed to collect water at different depths from 10 to 230 cm below 
the beach surface (10, 30, 50, 80, 110, 150, 190, 230 cm). In 2012, we collected groundwater in M1 M2, M3 and M6 
(Figure 1). In 2013, we focused on the intertidal zone, where groundwater and re-circulated seawater discharge (M4 
to M9, figure 1). Groundwater was pumped with a peristaltic pump into an in-line flow cell where temperature, 
specific conductivity and dissolved oxygen saturation were monitored using a calibrated YSI-600QS multiparametric 
sonde. After these parameters stabilised, groundwater samples were taken using 60 ml plastic syringes and brought 
back to lab to measure pH and TA. Samples for ?13C-DIC were collected at the same time by filling 250 ml glass 
bottles with no head space, preserved using 0.5 ml of saturated HgCl2, and stored at 4°C. The ?13C-DIC was measured 
to identify the origin of DIC in groundwater samples. 
Inland groundwater end-member samples (IGW, Figure 1) were collected in a similar manner from individual 
wells located 50 to 100 m inshore of the multi-sampler transect. Seawater end-member samples (SW, figure 1) were 
collected ~50 cm above the sediment surface in the middle of the bay (~500 m offshore). 
Three piezometers were installed with pressure probes at 5, 15, and 45 m (Pz1 to Pz3, Figure 1) from the shoreline 
to monitor the water level over the sampling periods in order to determine the mean hydraulic head gradient and 
estimate the groundwater discharge velocities and fluxes to the coastal ocean. 
Sediment cores were collected in the beach face near the multi-level sampler M2 using standard vibracoring 
techniques with clean plastic 1 m-liners inserted into aluminum pipe. The cores were opened a few months later and 
the different sedimentary units were subsampled to better understand the transition between the sandstone aquifer and 
overlying sandy sediments (Figure 2).  
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Fig. 1. Map of Canada showing the location of the Magdalen Islands and the cross-shore transect of the studied beach. The beach morphology 
profile was determined using a DGPS (altitude 0 referred to low tide level), and piezometers (Pz1-3) and multi-level samplers (M1-9) were inserted 
into the beach perpendicular to the shoreline. We collected samples from 10 to 230 cm below the beach surface (black dots) as well as two 
potential end-members: inland groundwaters (IGW) and seawater in the adjacent bay (SW).  
 
2.3. Sample analyses  
Dried sediment samples from the three different sedimentary units were analysed by scanning electron 
microscopy (SEM) coupled to an energy dispersive x-ray spectrometer (EDS; INCA X-Stream, Oxford Scientific). 
The mean grain size and the relative composition of the sediment as detected by EDS are reported in Figure 2. 
Sample pH was determined immediately upon collection with an Orion ROSS glass electrode calibrated with NBS 
buffers and a seawater TRIS buffer according to ref. [21]. Total alkalinity (TA) was analysed on refrigerated, filtered 
(0.2 μm) samples by Gran titration. The analytical error was better than 0.2%. Dissolved inorganic carbon (DIC) was 
calculated from pH and TA at measured values of salinity and temperature with the R package AquaEnv22. Details on 
the methods are described in ref. [23]. The calculated DIC concentrations were used to estimate the flux of total DIC 
to coastal ocean. The ?13C-DIC samples were analysed in the Université du Québec à Montreal (UQAM) in GEOTOP 
using a GC-IRMS (GV Instruments). Results are reported in the ? notation relative to VPDB (1?  ±0.1‰) in ‰. 
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Fig. 2. a) Images of the sediment cores we collected in June 2013. Numeric photography was obtained by using Multi Sensor Core Logger 
and a Geoscan IV linescan digital imaging system from Geotek at the Institut des Sciences de la Mer de Rimouski (ISMER/UQAR). The 
vibracoring technique used to obtain these sediments resulted in compaction of the sediment column. Compression factors were ~1.8 and 
the recovered length was 153 cm. Four different sedimentary units were observed (surficial sands, organic horizon, alterated sandstones 
and sandstones). The permeability (K) of the sands and sandstones has been reported in ref. [17]. b) SEM images of surficial sands (top), 
organic horizon (middle) and sandstone unit (bottom) and their respective EDS results. 
 
3. Results and discussions  
3.1. Beach hydrogeology  
The grain size of beach sediment was around 300 ?m and sediments were mainly composed of silicate fragments 
(Figure 2). The underlying sandstone aquifer is composed of fine red-orange sands (~100 ?m) composed of silicate 
and aluminosilicate with Fe coated silicate grains as revealed by EDS analyses (Figure 2, panels on the right). We 
note the presence of an organic-rich horizon at the top of the sandstone aquifer composed of terrestrial plant detritus. 
Forest soils inundated by salt water are commonly found on the coast of Atlantic Canada and the east coast of the 
United States, at the base of salt marshes and on the seaward side of barrier beaches that are being emerged by 
erosion and rising sea level24-26. The rapid rates of sea-level rise along the coasts of Atlantic Canada over the middle- 
to-late Holocene buried terrestrial systems that are now covered by tidal sediments as sedimentation kept pace with 
rising tide. The modern coastal system was formed on top of these paleosols under the influence of a decelerating sea 
level rise27-31.  
Two-dimensional profiles of groundwater beach chemistry are presented in Figure 3. In these profiles the sample 
depths are relative to mean sealevel (i.e. 0 m depth) and the contour lines were derived by linear spatial interpolation 
(kriging method) of the data. The interpolation model reproduced the empirical data set very well (95% confidence 
level). The 2D-specific conductivity and temperature profiles revealed the presence of fresh and cold groundwater 
(conductivity  < 5 mS cm-1; temperature < 10°C) in the bottom of the profile. The fresh groundwater tapered towards 
the seaward discharge region below an intruding narrow saltwater lens (conductivity  > 20 mS cm-1; temperature > 
10°C) in surface intertidal sediments. Vertical conductivity profiles revealed that there is some mixing between the 
fresh groundwater layer and the surficial saltwater lens characteristic of a subterranean estuary dominated by fresh 
groundwater discharge32. Groundwater was suboxic with dissolved oxygen around 20% saturation. The surficial 
saltwater lens is the most oxygenated layer with dissolved oxygen saturation higher than 60% indicating inputs of 
oxygen from seawater due to mixing. The vertical decline in oxygen concentration that we observed in the 
subterranean estuary below the saltwater lens confirms that this is a very active biogeochemical zone with bacterially 
mediated mineralisation of organic matter. The origin and the reactivity of this organic matter (marine or 
groundwater-derived organic carbon) can directly influence DIC production. Moreover, the biogeochemical reactions 
involved in mineralisation processes control TA production in the system. 
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Fig. 3. Conductivity, temperature and dissolved oxygen saturation in the beach groundwater. Left panels present the data measured in 2012 through 
a 50 m transect of multi-level samplers and right panels are the data measured in 2013 in the intertidal zone (represented by the box). The 0 km- 
section distance represents the distance from the low tide level. In the bottom: schematic diagram of hydrologic flow showing the potential end-
member contribution to groundwater discharge (from ref. [33]). Shaded line represents the interface between the subterranean estuary and the 
surficial saltwater lens. Groundwater velocities and flows have been calculated based on Darcy’s Law and permeability values reported in ref. [17 
and 33]. 
3.2. TA and DIC production  
Figure 4 presents the vertical distributions of TA through the intertidal zone. TA concentrations were between 0 
and 12 mEq/L with maxima close to the beach surface. A mixing diagram (Figure 5a) was constructed using the 
sample with a value of 45 mS cm-1 as a seawater end-member, and a sample with a conductivity < 5 mS cm-1 to 
represent the fresh groundwater end-member. The measured TA concentrations were independent of conductivity. 
This non-conservative behavior shows that the subterranean estuary may represent a local source of TA.  Different 
processes are involved in the production of TA. These processes include biological (e.g., anaerobic metabolic 
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pathways such as denitrification, Fe-oxide reduction and sulphate reduction) and abiotic processes (e.g., carbonate 
and silicate dissolution).  The slope of calculated DIC vs. TA may help to discern between these processes. In aquatic 
systems dominated by carbonate sediments, the TA/DIC ratio mainly responds to CaCO3 precipitation/dissolution and 
ratios are close to 2:1. While aerobic respiration and photosynthesis have little influence on TA change, most of the 
anaerobic mineralization pathways significantly increase TA34. Figure 5b shows a 1:1 ratio between TA and DIC. 
This suggests that TA production is dominated by the oxidation of organic matter during sulphate reduction. Sulphate 
reduction is known to be a major diagenetic pathway in coastal and nearshore sediments and is well known to 
increase TA concentrations35 with a TA/DIC ratio of 1, according to the following equation (1): 
 
2CH2O +SO42-  =  2HCO3- + HS- + H+                                                         (1) 
 
where CH2O refers to hydrolyzed marine organic matter with a Redfield stoichiometry (CH2O)106(NH3)16(H3PO4) . 
Here, we assume that the production of minor amounts of ammonia and phosphoric acid are negligible and with a 
minor effect on CaCO3 saturation. However, despite the persistence of the characteristic odour of H2S that emanated 
during the sample collection, the significance of sulphate reduction in these permeable sandy sediments has not yet 
been quantified. Alternately, it is possible that DIC and alkalinity production may approach a 1:1 ratio due to sulphate 
reduction coupled with FeS formation according to the following reaction: 
 
9CH2O + 4Fe(OH)3+ 4SO42- + 8H+ =  4FeS(s) + 19H2O + 9CO2                                      (2) 
 
where solid FeS is generated from sulphate and iron-oxide reduction under O2-depleted conditions (see ref. [34 and 
36]). In this case, the re-oxidation of FeS to SO42- by the tidal input of oxygen in the top of the system does not 
consume alkalinity34; hence, the net effect of these reactions is to produce DIC and TA with a 1/1 ratio.  For the 
moment, we cannot determine the extent to which these reactions occur, but, in regards to the EDS results (Figure 2b) 
and to the high concentrations of dissolved Fe in the suboxic mixing zone  (e.g. concentrations > 1600 μmol l-1, data 
not shown), we assume the availability of Fe in the system is not a limiting factor. While Fe dynamics in this system 
are still not well defined, we feel that Fe may play a pivotal role in the redox and biogeochemical conditions in this 
system. Sulphate reduction and associated secondary reactions are probably not the only processes involved in the 
production of TA and DIC, with a potential role for carbonate mineral dissolution induced by the organic matter 
degradation.    
The ?13C of DIC is depleted in the groundwater (?14‰ to ?28‰) when compared to oceanic water (~-6 ‰, table 
1). As carbonate minerals tend to have ?13C values ~ 2 ‰ 37,38, these depleted values likely indicate an organic carbon 
source and may support the idea that sulphate reduction is the main TA source. These results suggest that anaerobic 
respiration in the subterranean estuary may be the primary source of DIC and TA release from the discharging beach 
face.  
 
Fig. 4. Vertical distribution of total alkalinity and conductivity in M3, M6 and M9 measured in 2013.  
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Table1. ?13C of DIC and specific conductivity measured in M8 at different depths below the beach surface. Seawater samples (SW) are also 
reported.  
Sample depth (m) ?13C (‰) Conductivity  (mS cm-1) 
SW 
M8  - 10cm 
M8  - 30cm 
M8 – 60cm 
M8  - 90cm 
M8  - 130cm 
M8 – 170cm 
M8 – 210cm 
-5.96 / -6.02 
-14.35 
-23.87 
-21.47 
-23.00 
-24.06 
-18.20 
-23.15 
45.00 
35.11 
13.67 
1.65 
1.16 
1.46 
21.11 
2.05 
 
3.3. SGD-derived DIC and TA  
The fluxes of TA and DIC associated with groundwater discharge can be calculated at the discharging beach face 
based on the groundwater discharge velocity (Q, m/day in the fresh layer) using Darcy’s Law. Using the mean water 
table level monitored in Pz1 and Pz3, we calculate a mean head gradient of 0.01 through the 50 m-beach transect. We 
calculate fresh groundwater fluxes of 0.50 to 2.06 m3 m-1 d-1 (e.g., per unit length of beach face) using hydraulic 
conductivity estimates from surficial sands or sandstone (K = 19.9 and 4.8 m/day, respectively; Figure 3). These 
discharge values agree with a regional-scale estimate of discharge (~1.7 m3 m-1 d-1 17). As we don’t know the width of 
the seepage face, it is presently difficult to propose fluxes in conventional units (~ m3 m-2 day). However, we can 
roughly estimate the potential fluxes of DIC and TA from the beach face by multiplying the fresh groundwater flux 
with DIC and TA concentrations we measured in the first sample located at 10 cm below the surface of M9. In this 
calculation, we neglect any further biogeochemical effect on DIC and TA concentrations from this sampling depth to 
the discharge point. Both DIC and TA are likely to change in surface sediments as a result of organic matter 
remineralization and reoxidation reactions in oxic surface sediments. The reoxidation of sulphide to sulphate in the 
presence of oxygen would consume TA and limit its export. If Fe traps sulfide in the form of FeS, the TA produced in 
aquifer sediments may, however, be exported to the overlying water column. With these caveats, we estimated 
exported fluxes of 2.0 to 8.2 mol DIC/day and 1.9 to 7.9 mmol TA/day. These fluxes could be underestimated 
because the flow of tidally forced re-circulated seawater wasn’t included in our water flux calculation. These fluxes 
will be soon be revisited by combining direct measurements of rates of SGD into the water column by seepage 
chambers and a 222Rn mass balance model. These preliminary results suggest that northern sandy beaches, with low 
carbonate content, have the potential to be sources of dissolved inorganic carbon and alkalinity to coastal ocean. A 
better quantification of biogeochemical transformations and fluxes in the seepage face of these unexplored high 
latitude systems is needed to better constrain the coastal ocean C budget. This is particularly important in northern 
high latitudes where climate is rapidly changing, thereby influencing terrestrial carbon storage and hydrologic 
regimes. 
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Fig. 5.a) Mixing diagram of groundwater TA relative to groundwater conductivity. The dashed line is the theoretical dilution line between the two 
potential end-members (IGW and SW). b) TA vs. DIC in groundwater. The dashed line is the 1:1 ratio between TA and DIC.  
4. Conclusions 
Our study presents evidence of the complexity of carbon transport and chemical reactions from submarine 
groundwater discharge. Slow groundwater flow (1 to 9 cm d-1), low oxygen conditions (~20%) and redox oscillations 
induced by tidal pumping and re-circulated saltwater at the beach surface create an environment highly suitable for 
bacterial carbon oxidation and anaerobic respiration. High concentrations of dissolved Fe (13 - 1600 μmol l-1), 
depleted ?13C-DIC  (from ?14‰ to ?28‰) and the characteristic odour of H2S during sample collection support the 
possibility that sulphate reduction may generate high alkalinity and DIC concentrations in the groundwater. TA and 
DIC fluxes, derived from discharge estimates and groundwater DIC and TA concentrations at 10 cm depth in the 
seepage face, were estimated at 2.0 to 8.2 mol DIC/day and 1.9 to 7.9 mmol TA/day). These preliminary results 
support the idea that northern sandy beaches could be sources of carbon and alkalinity to coastal ocean.. However, 
these estimates are based only on a snapshot study and are site-specific. Furthermore, these estimates may vary 
greatly depending on biogeochemical transformations at the seepage face, between 10 cm and the sediment-water 
interface. Therefore, there is a need for comparison with direct flux measurements at the seepage face. Moreover, 
multiple hydrogeological conditions besides the hydraulic head gradient could alter DIC and TA release. Seasonal 
hydroclimatic conditions control groundwater discharges at large spatial and temporal scales, particularly in northern 
regions where ice pack covers the beach surface several months per year. Assessing seasonal changes in beach 
hydrogeology and on the production of DIC and TA is critical to determine the impact that northern sandy beach 
systems have on the coastal carbon cycle.  
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ANNEXE II
TRANSPORT AND TRANSFORMATIONS OF GROUNDWATER BORNE
CARBON DISCHARGING THROUGH A SANDY BEACH TO A COASTAL
OCEAN
Transport and transformations of groundwater-borne carbon discharging through a sandy
beach to a coastal ocean
Gwénaëlle Chailloua,b*, Frédérike Lemay-Borduasb and Mathilde Couturierb
aCanada Research Chair on the geochemistry of coastal hydrogeosystems, Université du Québec à Rimouski, Rimouski, Canada;
bDépartement Biologie, Chimie, Géographie, Université du Québec à Rimouski, Rimouski, Canada
(Received 3 November 2014; accepted 20 October 2015)
Submarine groundwater discharge (SGD) is now recognized as an important coastal process affecting local and regional
sources of solutes to coastal oceans. The objective of this study was to compare SGD estimates through Martinique
Beach (Îles-de-la-Madeleine, QC, Canada) using different sampling techniques in order to quantify SGD ﬂuxes of dis-
solved organic and inorganic carbon (DOC, DIC) exported to a coastal embayment. These ﬂuxes were estimated using
hydrogeological and geochemical methods, including direct measurement via seepage meters and hydrogeological esti-
mation using Darcy’s law. Darcy estimates led to a fresh SGD ﬂow ranging from 0.020 m3/s at the shoreline to 0.030
m3/s at the beach face. Direct measurements by seepage meters revealed higher SGD ﬂows, with a mean value of 0.090
m3/s. These SGD ﬂows were mainly composed of recirculating seawater ﬂushing by the falling tide. The unconﬁned
aquifer of Martinique Beach is a biogeochemically reactive zone, where DOC and DIC are nonconservative. The ground-
water residence time (~32 days), low oxygen conditions (~20%) and high DOC concentrations (~ 2 mmol/L) represent a
suitable environment for biogeochemical reactions to occur, and subsequently alter groundwater-borne carbon concentra-
tions. We calculated a fresh-groundwater carbon load of 147 kg/d of DIC and 27 kg/d of DOC at the beach face. Even
though recirculating seawater dominated the volume of total SGD, fresh SGD was an important carbon pathway,
accounting for 12 and 20% of total DIC and DOC, respectively. This site-speciﬁc study is the ﬁrst attempt to estimate
volumetric and chemical groundwater ﬂuxes to a coastal Canadian ocean, and demonstrates the strong interaction
between fresh groundwater and coastal systems.
Les décharges d’eau souterraine (SGD pour submarine groundwater discharge) sont courantes en milieu côtier et sont
maintenant reconnues comme des sources locales et régionales de solutés à l’océan côtiers. L’objectif de cette étude était
de comparer différentes techniques pour estimer les SGD à travers la plage de la Martinique (Îles-de-la-Madeleine, QC,
Canada) et ainsi pouvoir évaluer les ﬂux de carbone organique et inorganique dissous (DOC et DIC) exportés à la côte.
Des données aussi bien hydrogéologiques que géochimiques ont été utilisées pour évaluer ces ﬂux, en utilisant notam-
ment des mesures directes avec des chambres d’exﬁltration (seepage meter) et des mesures hydrogéologiques en se bas-
ant sur la loi des écoulements de Darcy. Les estimations faites à partir de Darcy donnent des ﬂux d’eau douce entre
0,020 m3/s à la ligne de rivage et 0,030 m3/s dans la zone de décharge de la plage. Les mesures directes donnent des
valeurs plus élevées, autour de 0,090 m3/s mais ces ﬂux incluent l’eau de mer de recirculation advectée par la pompe
tidale. L’aquifère non conﬁné de la plage est aussi une zone biogéochimiquement active où le DOC et DIC montrent un
comportement non-conservatif. Le temps de résidence de l’eau douce (autour de 32 jours), les faibles concentrations en
oxygène dissous (DO ~20% de saturation) et les fortes concentrations en DOC (~2 mmol/L) permettent le développe-
ment de conditions idéales aux processus de respiration et à la transformation du carbone apporté par les écoulements
souterrains. Ces transformations mènent à des ﬂux souterrains de 147 kg DOC/j et 27 kg DIC/j dans la zone de
décharge. Et même si l’eau de mer de recirculation domine le volume total de SGD dans ce site, l’écoulement d’eau
douce est une importante voie de transport de carbone à l’océan et représente respectivement 12 et 20% des apports en
DIC et DOC. Bien que ces résultats soient spéciﬁques au site d’étude, ils représentent la première tentative d’estimation
des ﬂux, qu’ils soient volumétriques ou chimiques, dans l’océan côtier canadien et soulignent la forte interaction entre
les eaux souterraines et les milieux côtiers.
Introduction
Coastal aquifers constitute the major source of potable
water for many regions throughout the world (Bear et al.
1999). Their importance as a fresh water source for coastal
populations as well as the impacts of their submarine dis-
charges to coastal zones highlight the need to implement
an integrated water resource management plan in coastal
zones. This is particularly important in island systems,
where the connectivity between groundwater and seawater
is strong. Submarine groundwater discharge (SGD) has
been increasingly identiﬁed as an important process that
coastal managers should consider in any water resources
management plan (Moore 1996; Taniguchi et al. 2002;
United Nations Educational, Scientiﬁc and Cultural
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Organization (UNESCO) 2004; McCoy and Corbett
2009). This is particularly important where booming
coastal populations induce numerous changes in land-
scapes and ecosystems as well as increase pressure on
coastal resources. In locations around the world, deteriora-
tions in coastal water quality (e.g. bacterial proliferation,
harmful algal blooms, hypoxia, acidiﬁcation, ﬁsh and
shellﬁsh mortality) have been attributed to the quality and
volume of groundwater discharge to the ocean (Valiela
et al. 1978, 1980; Johannes 1980; Laroche et al. 1997;
Paerl 1997; Gobler and Boneillo 2003; Hwang et al. 2005;
Y.W. Lee and Kim 2007; Y.W. Lee et al. 2009; G. Kim
et al. 2011). These disturbances alter coastal ecosystems
and endanger species that have ecological, cultural and
economic importance.
Moore (2010, p. 60) deﬁned SGD as “any and all
ﬂow of water on continental margins from the sea bed to
the coastal ocean, with scale lengths of metres to kilome-
tres, regardless of ﬂuid composition or driving force.”
SGD includes both fresh groundwater ﬂowing directly to
the sea and seawater recirculating through the seabed.
SGD occurs in many environments along continental
margins, usually as submarine springs or scattered seeps
through permeable seaﬂoor and beach sediments. This
seeping occurs whenever the water table remains above
sea level and coastal aquifer recharge is efﬁcient (see
Taniguchi et al. 2006 and references therein).
Sandy sediments make up more than 40% of the
world’s coastlines (Riedl et al. 1972; Brown and
McLachlan 2002) and are characterized by high to very
high biogeochemical reaction rates despite their low par-
ticulate organic carbon content (Boudreau et al. 2001;
Anschutz et al. 2009). Multiple physical forces that drive
subsurface ﬂow and residence times control the reaction
rates and thus the transformations in this active biogeo-
chemical zone (e.g. Boufadel 2000; Horn 2002, 2006;
Michael et al. 2005, 2011; Charette et al. 2007; Robinson
et al. 2007; Cable and Martin 2008). Santos et al. (2012)
identiﬁed at least 12 independent drivers that include both
terrestrial (e.g. hydraulic gradient, seasonal oscillation of
the water table) and marine (e.g. wave and tidal pumping,
ripple and bed form migration, bioirrigation) processes
that interact in complex ways. All of these processes
force ﬂow across the water–sediment interface, albeit at
different spatial and temporal scales, and consequently
inﬂuence the export of groundwater-borne, recirculated
and newly formed compounds to the sea. The chemistry
of SGD changes during its passage through the aquifer
and permeable coastal sediments, but how these transfor-
mations affect the concentrations and exported ﬂuxes of
groundwater-borne carbon is not yet well understood. In
particular, carbon is a key element of coastal eutrophica-
tion, and the exported ﬂuxes of dissolved inorganic and
organic carbon (DIC and DOC, respectively) via SGD
are still not well quantiﬁed (Caï et al. 2003; Goñi et al.
2003; Beck et al. 2007; Dorsett et al. 2011; Moore et al.
2011; Cyronak et al. 2013. Kim et al. 2013; Maher et al.
2013). Such quantiﬁcations are vital for managing coastal
ecosystems, which include the groundwater–ocean con-
tinuum. This is particularly important in northern systems
because these regions are experiencing – and are
expected to continue to experience – important changes
in hydroclimatic and terrestrial carbon storage (Hinzman
et al. 2005; Roulet et al. 2007).
In the Îles-de-la-Madeleine archipelago, which is
located in the southern Gulf of St. Lawrence (QC,
Canada; Figure 1a, b), groundwater is the only source of
fresh and drinking water. The absence of major streams
limits the discharge of groundwater to continental surﬁ-
cial ecosystems, and groundwater rapidly ﬂows to coastal
ecosystems (residence time < 1 year; Madelin’Eau
2004). This is a typical coastal aquifer system where the
quality of groundwater can affect the ecological health of
adjacent embayments.
The objective of this study was to compare SGD
estimates using two different sampling techniques in
order to quantify SGD ﬂuxes of DOC and DIC exported
to the coastal zone through a sandy beach. More speciﬁ-
cally, hydrogeological and geochemical data are used to
estimate carbon ﬂuxes. Data were collected by direct
measurement via seepage meters, and hydrogeological
estimations were made using Darcy’s law. This study
combines knowledge of marine chemistry and hydrogeol-
ogy, and proposes an integrated view of water resources
in the groundwater–ocean continuum.
Material and methods
Study area
The Îles-de-la-Madeleine are part of the Maritimes
Permo–Carboniferous Basin included in the Northeastern
Appalachian Geological Province (Figure 1; Brisebois
1981). The archipelago comprises a group of 15 islands,
seven of which are joined as tombolos. The main island
is part of the Mississippian–Windsor group, which is an
interbedded assemblage of volcanic and volcanoclastic
rocks ﬂanked by sandstones of the Permian Inferior per-
iod (the Cap-aux-Meules Formation; Brisebois 1981).
This formation constitutes the main aquifer in the archi-
pelago; the mean transmissivity (~4 × 10−3 m2/s) and
mean recharge (~230 mm/y, i.e. ~25 to 30% of the
annual snow and rain precipitation; Leblanc 1994; Made-
lin’Eau 2004) support high pumping rates. Groundwater
ﬂows from the central volcanic core recharge through
the unconﬁned Permian sandstone aquifer (Figure 2) and
discharges to the sea, both directly and through overlying
Quaternary deposits.
Most of the archipelago’s coasts are sandy barrier
systems with ﬁne-grained sands resulting from erosion of
2 G. Chaillou et al.
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Holocene deposits and eolian transport. Sand grain size
is about 300 μm, and sediments are mainly composed of
silicate fragments (Chaillou et al. 2014). The underlying
sandstone aquifer consists of ﬁne red-orange sands (~100
μm) composed of silicate and aluminosilicate with iron
(Fe)-coated silicate grains. The archipelago is located
near an amphidromic point (mean and maximum tidal
ranges are 0.7 m and 1.1 m, respectively), with mixed
semi-diurnal and diurnal tides. The wave regime is char-
acterized by locally generated waves with a mean height
of 0.87 m (Owens and Frobel 1977).
Martinique Beach is a typical sandy barrier system
on the southwest coast of the archipelago. It has been
classiﬁed as a low-energy beach with a low relative tidal
range, indicating wave control of beach morphology
(Masselink and Short 1993; Jackson et al. 2002). A
high-deﬁnition elevation proﬁle resulting from differen-
tial global positioning system (DGPS) surveys revealed
three morphologic zones (see beach morphology in
Figure 2b). These zones include a vegetated beach ter-
race on the backshore (~10 m wide) composed of ﬁne-
grained sands, a beach face composed of ﬁne-grained
sands with a mean slope of 6° (~15 m wide), and a large
low-tide terrace (~50 m) composed of very ﬁne sands
with a lower gradient (~2°) and persistent micro-topo-
graphic features under non-storm wave conditions; all of
these are characteristic of low-energy beaches (Jackson
et al. 2002). The discharge zone is not well character-
ized, but a recent radon-222 (222Rn) survey suggests a
narrow discharge zone (~100 m) from the beach face
(Lemay-Borduas et al. 2014). In the absence of surface
streams, a recently developed groundwater ﬂow model
shows that ~96% of the fresh groundwater volume seeps
to the coastal ocean via SGD each year, leading to
discharges of around 4300 m3/d in Martinique Bay
(Madelin’Eau 2004; Chaillou et al. 2013).
Approach
Two approaches were used to investigate SGD through
the sandy beach of Martinique Bay to quantify exported
ﬂuxes of DIC and DOC. These techniques included
groundwater ﬂow estimations using Darcy’s law and
direct measurements via seepage meters installed in the
Figure 1. (a) Location of Quebec, (b) the Îles-de-la-Madeleine and (c) the archipelago’s main island (Cap-aux-Meules). The study
area (from le Chemin des Chalets to Gros-Cap) and Martinique Beach are shown. The dashed line corresponds to the cross section
presented in Figure 2a. The simpliﬁed geology was adapted from Brisebois (1981) (data source ©Gouvernement du Québec).
Canadian Water Resources Journal / Revue canadienne des ressources hydriques 3
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low-tide terrace between 20 May and 7 June 2013.
Hydrogeological data from municipal and private water
wells were used to estimate the regional groundwater
ﬂow perpendicular to the shoreline (Figure 2a;
Madelin’Eau 2004, 2007, 2011). Based on Darcy’s law,
and assuming the hydraulic gradient component parallel
to the coastline is null, groundwater ﬂuxes in the
Permian aquifer (qinland in cm/d) were calculated as:
qinland ¼ K  gradh (1)
where K is the hydraulic conductivity of the Permian
aquifer and gradh is the component of the hydraulic gra-
dient perpendicular to the shoreline. The fresh groundwa-
ter ﬂuxes were also estimated by Darcy’s law in the
beach aquifer (qbeach in cm/d) using data from three
monitoring piezometers placed perpendicular to the
shoreline (Figure 2b). Seepage meter experiments were
conducted in the low-tide terrace of the beach (see loca-
tions in Figure 2b) to measure the volume of water that
seeps from the seabed. Despite criticisms concerning
pressure-induced ﬂow (see Shinn et al. 2002 and refer-
ences therein), this technique provides a ﬂux at a speciﬁc
time and site from a limited seabed area (Corbett and
Cable 2003; Burnett et al. 2006). The two techniques
have advantages and disadvantages, but their combina-
tion provides valuable insight into the SGD regime,
which includes both fresh groundwater and recirculating
seawater (see Burnett et al. 2006 and references therein).
Sample collection
Three piezometers were inserted, in the beach terrace
(PZ1), the beach face (PZ2) and the low-tide terrace (PZ3;
Figure 2b). Piezometers were constructed of 2.5-cm
polyvinyl chloride (PVC) pipes (Ø = 5 cm) and were
installed to a depth of 2.2 m using a manual auger; a 10-
cm solid PVC riser was used for the casing. Water levels
were monitored manually and with automated level log-
gers (HOBO models). Tides and waves were recorded at
Pz3 and Pz2, and water table levels were corrected to
obtain mean values of the water table over the sampling
period and to estimate the component of the hydraulic
gradient perpendicular to the shore. Guelph permeameter
measurements (N = 15) were conducted to estimate local
hydraulic conductivity of the beach’s surﬁcial sandy
aquifer. Values are reported in Table 1.
The seepage meter design followed D.R. Lee (1977),
using the top 30 cm of a standard 55-US gallon (208-L)
plastic drum ﬁtted with a sample port and a plastic
collection bag. Seepage meters were carefully pushed to a
depth of 15 cm into the seabed and allowed to equilibrate
for ~4 hours. Seepage bags (2000 mL) were preﬁlled with
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Figure 2. (a) Schematic cross section through the main geologic units of the main island (Cap-aux-Meules). The municipal (P4, P5,
PU6) and private (PM) water wells are located along the geological transect. The position of the salt water/fresh water interface
(shaded line) was estimated according to the Ghyben–Herzberg relation based on mean annual piezometric levels recorded in the
municipal and private wells (corrected to mean sea level). (b) View of the sampling transect in Martinique Beach showing locations
of piezometers (Pz1–3), multi-level samplers (M1–7), and seepage chamber deployments. The different morphology units of the beach
also are reported.
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100 mL of seawater and the air was removed; these bags
were deployed for 1.5 to 4.0 hours and then carefully
removed. Collected water volumes were measured to the
nearest millilitre (using 1000-mL graduated cylinders) to
determine the groundwater seepage ﬂuxes (i.e. the
collected volume divided by the time interval and the
seepage meter area). Because seepage meters can be
deployed only in calm wave and wind conditions, only
seven experiments were performed (22, 24, 28, 31 May;
2, 3, 5 June 2013). Seepage meters were deployed at dif-
ferent locations in the low-tide terrace of the beach, a few
metres from the shoreline (Figure 2b).
The ﬂux of exported carbon associated with ground-
water discharge was calculated based on DIC and DOC
concentrations measured during the transit of groundwa-
ter to the ocean. Water samples were collected during
the low spring tide period in May and June 2012 and
2013. A ~35-m transect of multi-level samplers (M1–7;
Figure 2) was installed on the beach. The multi-level
samplers consisted of 2.5-m PVC pipes with eight pores
connected to ﬂexible Tygon® tubing, as described in
Martin et al. (2003). Multi-level samplers were designed
to collect water at 10, 30, 50, 80, 110, 150, 190 and
230 cm below the beach surface. In 2012, beach ground-
water samples were collected at M1, M2, M3 and M6
(Figure 2b). In 2013, the focus was the intertidal zone,
where beach groundwater and recirculating seawater
most likely discharge (M3 to M7; Figure 2b). Beach
groundwater was pumped with a peristaltic pump into
an on-line ﬂow cell where speciﬁc conductivity
(SpCond) and dissolved oxygen saturation (DO) were
monitored using a calibrated multiparametric probe
(600QS, YSI Inc.). After these parameters stabilized,
groundwater samples were collected and preserved for
DOC and DIC analysis. DOC samples were taken using
60-mL acid-clean syringes and rapidly ﬁltered (Whatman
GF/F 0.7-μm ﬁlters), acidiﬁed to pH = 2, and preserved
in acid-clean glass tubes. All ﬁlters and glass tubes had
been pre-combusted at 500°C for 4 h. Samples were
kept in the dark at 4°C until analysis. Samples for
δ13C-DIC were collected by ﬁlling 250-mL glass bottles
with no headspace, preserved with 0.5 mL of saturated
HgCl2 and stored at 4°C. δ
13C-DIC was analyzed for
the 2012 and 2013 samples while DIC concentrations
were measured only from samples collected at M3, M4
and M7 in 2013.
The fresh and marine end-member concentrations of
DOC and DIC were systematically measured. Samples
from the Permian sandstone aquifer were collected as
described above from private and municipal water wells
located 50 to 2000 m inshore from the multi-sampler
transect (see PM, P5, P4 and PU6 wells in Figure 2a).
Deep samples of bay water (~50 cm above the seabed)
were collected 1 km offshore in Martinique Bay. The
water samples were collected from a small boat using a
submersible pump connected to an on-line ﬂow cell.
DOC samples were analyzed by high temperature
combustion (HTC) using a Total Organic Carbon (TOC)
analyzer (TOC-Vcpn; Shimadzu) based on the method
proposed by Wurl and Sin (2009). The detection limit is
usually 0.05 mg/L and the analytical uncertainties were
< 2% for concentrations higher than 1 mg/L. Dissolved
inorganic carbon (DIC or ΣCO2 = CO2 + HCO3
– +
CO3
2–, also called total carbonate) were analyzed using
the ﬂow injection analysis (FIA) technique based on the
method proposed by Hall and Aller (1992). A gas-per-
meable membrane is used to move CO2 from acidic
reagent streams to a basic receiving stream and conduc-
tivity detector. The calibration was done using a reagent-
grade sodium bicarbonate (NaHCO3) solution, and the
conductivity response was linear for samples over DIC
concentrations from < 0.2 to 20 mmol/L with a precision
of ~1%. The δ13C-DIC samples were analyzed using a
gas chromotography coupled to an isotope ratio mass
spectrometry (GC-IRMS) (GV Instruments). An internal
calibration was performed using two internal standards
Table 1. Summary of hydrogeological values used to estimate groundwater ﬂuxes and submarine groundwater discharges assuming
a 1200-m sandy beach shoreline. K is the hydraulic conductivity (in m/d); gradh is the change in head per unit length in the direction
of ﬂow considering an isotropic aquifer. The groundwater ﬂuxes are reported in term of q (in cm/d) and Q (in m3/s) based on Darcy’s
law. Mean values and standard deviations (mean ± SD) are presented. Data from Madelin’Eau (2004) were used to estimate
groundwater ﬂuxes in Permian aquifer, in inland water wells.
K (m/d)
gradh
q (cm/d) Q (m3/s)
Method Range Mean Range Mean Range Mean
Inland
Well Darcy n.d. 1.8 0.003 0.7–3.6 2.1 0.007–0.036 0.021
Beach
Beach face Darcy 7–20 11.4 ± 4.4 0.037 14–42 30.4 ± 11.8 0.008–0.046 0.029 ± 0.009
Low-tide terrace 0.012
Seabed
Seepage meter Direct measurement 3–10 7.5 ± 2.0 0.041–0.130 0.085 ± 0.046
n.d.: no data.
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to obtain a two-point calibration. Results are reported in
parts per thousand in the δ notation relative to relative to
Vienna Pee Dee Belemnite (VPDB) (standardized to TS-
Limestone [NEBS19] and lithium carbonate [LSVEC]
International Atomic Energy Agency (IAEA) referenced
materials) with a precision of ± 0.1‰.
Results
Groundwater ﬂux and SGD estimates
The survey of water table levels in the different transect
piezometers revealed that the hydraulic head difference
perpendicular to the shore is different in the inland part
of the transect and in the beach. The multiannual average
component of the hydraulic gradient from P5 to PU6 has
been estimated at 0.0035 (Madelin’Eau 2004, 2007).
During the survey in June 2013, the head gradient
gradh (i.e. the change in head per unit length in the
direction of ﬂow considering an isotropic aquifer) is one
order of magnitude higher in the beach aquifer, with val-
ues between 0.037 and 0.012. The mean conductivity
value K of the unconﬁned Permian sandstone aquifer is
1.8 m/d (Madelin’Eau 2004, 2007). In surﬁcial beach
sand sediments, the K values measured with the Guelph
permeameter varied between 7 and 20 m/d, with a mean
value of 11.4 ± 4.4 m/d. The spatial variability of K in
the beach sediments results from the heterogeneity of
surﬁcial sediment: Chaillou et al. (2014) reported the
presence of an old forest soil layer on top of the sand-
stone aquifer caused by a recent sea-level rise. The range
of values is consistent with those reported for similar
lithology elsewhere on the Îles-de-la-Madeleine archipe-
lago (5–9 m/d; Sylvestre 1979).
In the landward part of the studied transect, in the
Permian aquifer, qinland varied between 0.7 and 3.6 cm/d,
with a mean value of 2.1 cm/d. As fresh water
approaches the coastline, groundwater ﬂux is expected to
increase because the groundwater ﬂows through a smaller
area. Using hydraulic conductivity from the sandy beach,
higher qbeach ﬂuxes were calculated: values ranged from
14 to 42 cm/d, with an average of 30.4 ± 11.8 cm/d. Here
residence time is deﬁned as the time required for ground-
water to transit horizontally through the system, in a man-
ner similar to surﬁcial estuaries. If the beach material is
assumed to be homogeneous and isotropic (as is often
assumed in ﬂow modeling studies; see e.g. Raubenheimer
et al. 1999 and Abarca et al. 2013), the maximum resi-
dence time in the surﬁcial sediment is 32 days for a beach
transect of 35 m (from M1 to M7; Figure 2b).
To convert these results to volumetric ﬂux, which is
the discharge per unit width of the aquifer (in m3/s), the
cross-sectional ﬂow area was determined using global
positioning system (GPS) measurements of 1200 m of
shoreline, from the sandy beach east of Le Chemin de la
Martinique to the rocky shore of Gros Cap (Figure 1c).
Furthermore, based on the Ghyben–Herzberg and Glover
relationship (Cooper 1964), the fresh water/salt water
interface is reached about 73 m below the water table of
the aquifer at the PM well (the well nearest the coastline;
Figure 2a). Hence, a ﬂow depth of 73 m is used to esti-
mate the freshwater ﬂux at the coastline. The volumetric
groundwater ﬂux from the Permian aquifer to the shore-
line (Qinland) is estimated to be between 0.007 and 0.036
m3/s, with a mean ﬂux of 0.021 m3/s. Also based on the
Ghyben–Herzberg and Glover relationship (Cooper
1964), the top 3.2 m of the aquifer at the top of the
intertidal zone (Pz2) is fresh (except for the narrow surﬁ-
cial saltwater lens). Hence, we used a depth of 3.2 m to
estimate the volumetric groundwater ﬂux through the
beach face in May 2013. This led to a beach ﬂux
(Qbeach) between 0.008 and 0.046 m
3/s, with a mean
value of 0.029 ± 0.009 m3/s.
Direct measurements revealed a mean seepage ﬂux
(qseep) of 7.5 cm/d across the low-tide terrace seabed
(Table 1). Seepage ﬂuxes are not uniform over time: they
tend to increase with the falling tide to values > 10 cm/d,
and to decrease to ~3 cm/d at low and rising tides. How-
ever, given the limited number of measurements (N = 7),
no clear relationship was observed between seepage
ﬂuxes and tidal levels. Assuming a 1200-m shoreline and
a 100-m discharge area (Lemay-Borduas et al. 2014),
SGD is estimated to be between 0.041 and 0.130 m3/s,
with an average value of about 0.085 ± 0.046 m3/s.
Table 1 summarizes these results.
Groundwater chemistry
End-members
Conductivity of the shoreline ocean water, i.e. the marine
end-member, was measured at ~47 mS/cm, and the tem-
perature was around 11°C (Chaillou et al. 2014). The dis-
solved oxygen (DO) saturation was > 100%, indicating
high saturation due to wave and wind activity. Dissolved
carbon concentrations were low, with DOC between 0.13
and 0.16 mmol/L and DIC between 2.1 and 2.5 mmol/L.
The δ13C-DIC was slightly more variable, with values
from –4.2 to –7.1‰ (mean –5.65‰). Groundwater con-
ductivity in municipal and private wells, i.e. the freshwa-
ter groundwater end-member, was around 0.3 mS/cm, and
temperature was measured at 7°C (Chaillou et al. 2024).
DOC measured in well water was low, 0.30 ± 0.08 mmol/
L, and minimal values of DIC were between 0 and 0.4
mmol/L. The δ13C-DIC was variable, with values from
+8.0 to –1.9‰ (mean +3.05‰).
Beach groundwater
Two-dimensional proﬁles of beach groundwater chemistry
are presented in Figure 3. The sample depths in these pro-
ﬁles are relative to mean sea level (i.e. 0 m depth), and
6 G. Chaillou et al.
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contour lines were derived by the linear spatial interpola-
tion (kriging method) of data points. The interpolation
model adequately ﬁts the empirical data set (95% conﬁ-
dence level). The two-dimensional conductivity proﬁles
revealed the presence of fresh groundwater (conductivity
< 5 mS/cm) in the landward part of the transect. The fresh
groundwater lens diminished gradually towards the sea-
ward discharge region below the intruding narrow saltwa-
ter lens (conductivity > 20 mS/cm) located high in the
intertidal zone. Vertical conductivity proﬁles revealed lim-
ited mixing between the fresh groundwater layer and the
surﬁcial saltwater lens, which is characteristic of a
microtidal system dominated by fresh groundwater dis-
charge (Moore 1999; Robinson et al. 2007; Heiss and
Michael 2014). While groundwater was suboxic, with DO
around 20% saturation, the surﬁcial saltwater lens was the
most oxygenated layer, with DO saturation > 60%, indi-
cating inputs of oxygen from seawater due to mixing.
The concentrations of DOC and, DIC, and the δ13C-
DIC, are plotted against conductivity (Figure 4a–c). As in
surﬁcial estuaries, carbon distribution in the beach transect
can be examined considering the theoretical conservative
mixing (or theoretical dilution line, TDL), where salinity
(or conductivity) is used as the conservative property and
the composition of the two mixing end-members is
assumed to be constant (Boyle et al. 1974). At the inland
end of the groundwater transect, i.e. samples collected at
M1 and M2, DOC was > 1.6 mmol/L (maximum 5.5
mmol/L; Figure 4a), which is an order of magnitude
greater than the fresh groundwater end-member. DOC
concentrations generally decreased toward the discharge,
although the distribution was patchy with some hotspots.
For example, high concentrations of DOC were measured
in the mid-region of the transect between M3 and M4 at 1
m below surface (DOC ~1.6 to 2.5 mmol/L; Figure 4a). In
the intertidal zone (i.e. M3 to M7), DOC concentrations
(~0.2 to 1.2 mmol/L) were also elevated relative to the
marine end-member. There was clearly no relationship
between DOC concentration and measured conductivity,
and most of the samples were higher than the linear mix-
ing model would predict (i.e. the TDL between the two
end-members; see Figure 5a). For DIC, most of the mea-
sured concentrations were higher than the end-member
concentrations (Figure 4b), with peaks in the ﬁrst 30 cm
below the beach surface in the intertidal zone (DIC > 10
mmol/L, Figure 4b). This region corresponded to the
position of the surﬁcial saltwater lens. Farther below the
surface, concentrations decreased drastically to minimal
values (DIC ~0–0.9 mmol/L), which were similar to those
of the fresh groundwater end-member. The beach
groundwater δ13C-DIC was greatly depleted relative to
end-members, although values were highly variable
through the transect (Figure 4c). δ13C-DIC ranged from
–34‰ in the upland end of the groundwater transect to
values > –5‰ in the top of the intertidal zone. In the bot-
tom part of the transect, at depths deeper than 80 cm below
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Figure 3. Conductivity (mS/cm; a, c), and dissolved oxygen saturation (%; b, d) in the beach groundwater. The left panels (a, b) pre-
sent data measured in 2012 along a 35-m transect of multi-level samplers; the right panels (c, d) present data measured in 2013 in the
intertidal zone (dashed rectangle in a and b panels). The beach morphology has been done by differential global positioning system
(DGPS) measurements. The depth is relative to mean sea level (i.e., 0 m depth) and the contour lines were derived by linear spatial
interpolation (kriging method) of the data. The interpolation model reproduced the empirical data set very well (95% conﬁdence level).
Data were modiﬁed from Chaillou et al. (2014).
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the surface, δ13C-DIC was around –25‰. Data obtained in
2012 and 2013 are consistent, with similar values through
the beach transect. Because the DIC concentrations of the
two end-members differ substantially, the mixing line is
curvilinear (details of the mixing equation are given in the
caption of Figure 4). In this system, δ13C-DIC values are
consistently more negative than would be expected with
conservative mixing.
Discussion
A number of techniques have been developed for quanti-
fying SGD (Burnett et al. 2006; Moore et al. 2006;
Martin et al. 2007). Here, SGD ﬂuxes have been calcu-
lated in two ways: (1) the hydrological approach based
on Darcy’s law, which accounts only for the freshwater
discharge component in the Permian aquifer and in the
unconﬁned shallow beach aquifer; and (2) using seepage
meters, which measure total SGD ﬂuxes at the discharge
face of the beach. In general, direct measurements using
seepage meters are higher than estimates based on water
balance and Darcy’s law calculations. Most of this differ-
ence has been attributed to the integration of recirculat-
ing seawater. Our hydrological analysis led to a
freshwater SGD estimate, Qinland, of 0.021 m3/s across
the 1200 m of sandy beach shoreline of Martinique Bay.
This rate assumes a uniform hydraulic conductivity (K)
and an isotropic shallow aquifer. Based on the same
approach, Qbeach was estimated at 0.029 m
3/s. These
results agree quite well with the fresh groundwater ﬂux
estimate based on the mass-balance approach in the same
area (i.e. 0.020 m3/s; Madelin’Eau 2004). The mass bal-
ance was based on an average recharge rate to the water
table, assuming 36% of the annual average precipitation.
Thus, using both Darcy’s law and a mass-balance
approach, the fresh groundwater ﬂuxes to the shoreline
are equivalent.
Groundwater ﬂux was also estimated by direct mea-
surements during the spring tide to capture maximum
outﬂow from the beach. Because of the microtidal condi-
tions, the effect of tide on SGD would be expected to be
minor. The volumetric ﬂuxes obtained by seepage meters
at the Martinique Beach site are the highest ﬂuxes mea-
sured over the sampling period (Table 1). High seepage
rates have also been recorded in several other microtidal
sites, including western Australia (Loveless and Odham
2010), the Mediterranean Sea (Weinstein et al. 2011),
Cape Cod, Massachusetts (Mulligan and Charette 2006)
and Turkey Point, Florida (Santos et al. 2009). At the
Martinique Beach site, freshwater SGD estimated using
Darcy’s law represents ~25 to 35% of total volumetric
additions, indicating that continental drivers (likely water
table level) may control SGD at this site. During seepage
meter measurements, conductivity was measured in water
that had seeped through the seabed. In addition, ambient
coastal seawater was collected at the start and end of the
deployment. The goal was to capture freshening events
and to estimate the volume of seeped fresh groundwater.
Conductivity measurements of water collected within
seepage bags showed essentially the same values as
Figure 4. Mixing plot of beach groundwater dissolved organic carbon (DOC, a), dissolved inorganic carbon (DIC, b), and isotopic
sigmature of dissolved inorganic carbon (δ13C-DIC, c) relative to beach groundwater conductivity for 2012 (dots) and 2013
(triangles). The value ranges for the two end-members (i.e., fresh groundwater and marine) and the theoretical dilution line (TDL;
black line) are also reported. Concerning the isotopic signature of dissolved inorganic carbon (δ13C-DIC): because DIC concentrations
of both end-members differ substantially, the conservative mixing between fresh groundwater and seawater is not linear. It follows a
curvilinear mixing relationship based on the following equation:
d13C DIC ¼ SðDICFd13CFDICM d13CM ÞþSFDICM d13CMSMDICFd13CFSðDICFDICM ÞþSFDICMSMDICF
where S is the sample salinity, DICFd
13CF is the DIC concentration and stable isotope composition of the freshwater end-member,
and DICMd
13 CM is the DIC concentration and stable isotope composition for the marine end-member.
8 G. Chaillou et al.
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those from ambient seawater samples. This is not sur-
prising considering the time needed for the exchange of
seawater in the seepage meter: with an average Qseep of
7.5 cm/d and assuming a seepage volume of ~65 L (0.24
m × 0.27 m2 = 0.065 m3), it would take more than 3
days. This ﬂushing time seems consistent with our obser-
vations and can explain why we observed no change in
the salinity. Thus, discrimination of the fresh and marine
end-members was not possible in these samples.
Figure 5 proposes a schematic diagram of the hydro-
logic ﬂow at Martinique Beach, that includes fresh
groundwater ﬂows estimated using Darcy’s law and mar-
ine SGD derived from tidal pumping and recirculating
seawater through the 35-m transect. To compare our
SGD estimates with other studies, the volumetric ﬂuxes
were divided by the length of shoreline (1200 m). This
leads to shore-normal estimates ranging from 1.5 m3/m/d
(Qinland) to 2.1 m
3/m/d (Qbeach) for fresh SGD and 6.1
m3/m/d (Qseep) for total SGD. These shoreline ﬂuxes
show magnitudes similar to those at other sites, such as
Waquoit Bay (Cape Cod, Massachusetts, 4–5.6 m3/m/d,
Mulligan and Charette 2006), the Gulf of Thailand
(3.7–7.8 m3/m/d, Burnett et al. 2007), western Australia
(2–30 m3/m/d, Loveless and Oldham 2010; and 2.5–8
m3/m/d, Smith and Nield 2003), Shelter Island (Long
Island, New York, 0.4–17 m3/m/d, Burnett et al. 2006)
and Turkey Point (Florida, 0.7–22 m3/m/d, Santos et al.
2009). At these locations, however, fresh groundwater
discharges are a minor component, accounting for only
~5% of total SGD ﬂuxes.
The site-speciﬁc evaluation of SGD provides an
opportunity to better assess steep spatial gradients in bio-
geochemical reactions and the resulting impacts SGD
may have on biogeochemical ﬂuxes to the coastal
embayment. SGD in the unconﬁned aquifer of Mar-
tinique Beach comprises a combination of fresh ground-
water and recirculating seawater; thus, the sources of
carbon could be diverse. Carbon in the groundwater in
Martinique Beach can be classiﬁed by its behaviour rela-
tive to theoretical conservative mixing between seawater
carbon concentrations as one end-member and inland
carbon concentrations from municipal and private wells
to represent the other end-member. The measured con-
centrations of DOC and DIC (Figure 4a and b) revealed
that the gradient in groundwater-borne carbon from land
to ocean is not a simple dilution between the two end-
members. In other words, both DOC and DIC showed
clear nonconservative patterns in Martinique Beach, with
signiﬁcant internal inputs. These nonconservative beha-
viours along the groundwater ﬂowpath are important in
the interpretation of the ecological impact of SGD
(Johannes 1980; Valiela et al. 1980), and the calculation
of chemical ﬂuxes using samples from the inland wells
probably results in signiﬁcant deviations from the true
chemical ﬂux. Local DOC production has been recorded
at other sites, including Turkey Point Beach (Gulf of
Mexico, Florida; Santos et al. 2009), Hampyeong Bay
(Korea; T. Kim et al. 2012) and North Inlet (South
Carolina; Goñi and Gardner 2003). Data on the transit of
groundwater-borne DIC are scarce in the literature. Caï
et al. (2003) demonstrated that a two end-members
mixing model could not explain the high DIC values
measured in North Inlet groundwater. More recently,
Maher et al. (2013) also reported higher DIC along
groundwater transit in an Australian mangrove tidal
creek. Other studies have shown that tidal sands are
important biogeochemical reactors within which organic
matter is mineralized, producing metabolites and DIC
(Boudreau et al. 2001; Anschutz et al. 2009; Moore
et al. 2011; Charbonnier et al. 2013).
DOC was produced at the inland end of the transect,
at the same location where organic-rich paleosol was
found (Chaillou et al. 2014). Forest soils and the stumps
of trees killed by seawater are commonly found on the
0.020 m3/s
9 kg DIC/d
7 kg DOC/d[ [
0.030 m3/s
147 kg DIC/d
  27 kg DOC/d[ [
0.085 m3/s
1242 kg DIC/d
  147 kg DOC/d[ [
eg
na
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it
PM Pz1 Pz2 Pz3
Figure 5. Schematic diagram of the hydrogeologic ﬂow at the Martinique Beach site, indicating the potential end-member contribu-
tion to volumetric (in bold, unit: m3/s) SGD. Chemical ﬂuxes of dissolved organic carbon (DOC) and dissolved inorganic carbon
(DIC) are reported in kg/d. Diagram is not to scale. The tidal range is reported. The dashed line indicates the position of the fresh/
saltwater lens. The dotted line is the position of the water table level. Weight of arrows is representative of relative ﬂow strength.
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US and Canadian Atlantic coast, on the shores of salt
marshes, and on the seaward side of eroding barrier
beaches (Grant 1970; Dredge et al. 1992; Dubois 1992;
Gehrels 1994). The rapid rise in sea level along the
coasts of Atlantic Canada during the middle-to-late
Holocene buried terrestrial systems with tidal sediments,
since sedimentation kept pace with the rising level of
high tide. In Martinique Beach, this old enriched horizon
of particulate organic carbon (POC) is characterized by a
depleted 13C signature (~ –33‰; M. Couturier, unpub.
data) and high carbon to nitrogen (C/N) ratio (> 25; M.
Couturier, unpub. data). DOC is a key intermediate in
the overall process of POC degradation (Kristensen and
Hansen 1995; Robador et al. 2010; Komada et al. 2012),
but little is known about the mechanism of porewater
DOC accumulation in suboxic–anoxic sediment. Here, it
is still unclear whether the DOC originated from hydrol-
ysis of old POC from the soil horizon or if it was from
other sources, such as marine particles or algal detritus.
Isotopic investigations should provide further insight into
the origin and reactivity of porewater DOC. Whatever its
origin, DOC produced locally was transported seaward
by groundwater ﬂow. The vertical decline in oxygen sat-
uration observed below the saltwater lens, the maximum
residence time in the beach transect of ~32 days in the
beach system and the high DOC concentrations were
deemed suitable for biogeochemical reactions to occur.
The high DIC concentrations measured in the discharge
zone combined with high dissolved Fe concentrations
(and other reduced compounds such as NH4
+ and Mn2+;
M. Couturier, unpub. data) as well as the characteristic
H2S odour during sample collection previously reported
by Chaillou et al. (2014) support the idea that suboxic to
anoxic mineralization processes are likely to occur along
the ﬂowpath.
Based on total alkalinity and pH measurements,
Chaillou et al. (2014) discussed the different ways that
DIC may be produced in Martinique Beach. The intro-
duction of fresh meteoric groundwater and the subse-
quent dissolution of carbonate minerals in addition to the
chemical and biological processes of respiration may
lead to local DIC production, as observed in other beach
systems (Caï et al. 2003; Charbonnier et al. 2013 Maher
et al. 2013). δ13C-DIC was depleted in the beach
groundwater (–34 to –25‰) when compared to the mar-
ine and fresh groundwater end-members (–5.65 and
+3.05‰, respectively). Since carbonate minerals tend to
have δ13C values of ~2‰ (Weber and Woodhead 1969;
Eadie and Jeffrey 1973), these depleted values may indi-
cate an organic carbon source and may support the
assumption that suboxic respiration, in the form of
sulfate reduction, was the main DIC source. As seen in
Figure 4c, the δ13C-DIC data at Martinique Beach lar-
gely conﬁrm the nonconservative behaviour of DIC in
this subterranean estuary. This pattern is consistent with
the earlier hypothesis that intense mineralization in this
system may increase DIC and explain DOC loss along
the groundwater ﬂow path. Given that the excess DIC
should be isotopically similar to the organic matter from
which it is derived (which could have various sources,
including buried organic-rich horizons, with δ13C values
between –32 and –34‰), this should result in the
addition of 13C- depleted DIC.
The ratio of organic carbon to inorganic carbon
exported to the coastal ocean could have a signiﬁcant
effect on the role as “source” or “sink” of atmospheric
CO2. Robust estimates of DIC and DOC ﬂuxes are
needed on a site-speciﬁc scale to obtain accurate regional
and global estimations. In nonconservative systems, how-
ever, the determination of appropriate DOC and DIC
concentration end-members for ﬂux calculations is not
straightforward (Beck et al. 2007, 2015; Dorsett et al.
2011; Cyronack et al. 2013). The fresh SGD-derived
ﬂuxes of carbon are calculated as the product of the con-
centration of the fresh groundwater end-member and the
volume of fresh groundwater discharge (Qinland). Assum-
ing that the well closest to the site of discharge (i.e. PM
well) represents the best estimate of the nearshore
groundwater ﬂux, the carbon load exported by fresh
groundwater was 9 kg/d of DIC and 7 kg/d of DOC. In
this calculation, biogeochemical transformation during
transit from the aquifer to the ocean is completely
neglected. Using the fresh groundwater ﬂow estimated in
the beach (Qbeach = 0.029 m
3/s) and the mean DOC and
DIC concentrations measured in the beach’s discharge
zone (i.e. mean concentrations in the ﬁrst 30 cm of M7),
the carbon load was 147 and 27 kg/d of DIC and DOC,
respectively. These latter ﬂuxes are 4 to 16 times higher
than carbon ﬂuxes derived from nearshore fresh ground-
water, and highlight the importance of considering the
geochemical behaviour of carbon along the ﬂow path.
For estimating the total SGD carbon ﬂuxes, mean car-
bon concentrations in the saltwater lens and surﬁcial sedi-
ments were used as the recirculating seawater carbon
end-member. Total DIC and DOC ﬂuxes exported by
total SGD (Qseep = 0.085 m
3/s) could be around 1242
and 147 kg/d, respectively. Fresh groundwater discharges
in the beach are an important pathway of carbon and
account for 12% of the total DIC and 20% of the total
DOC exported to seawater. In contrast, groundwater-
borne carbon accounted for less than 1 and 5% of total
DIC and DOC ﬂuxes, respectively. Fresh groundwater
here is clearly not the source of carbon, but it is a path-
way for DIC and DOC produced in the beach to reach
the coastal ocean. The chemical SGD ﬂuxes are reported
in the schematic hydrogeological ﬂow model in Figure 5.
Only a few papers have considered carbon ﬂuxes in
SGD, particularly as it transits through a sandy beach. In
Turkey Point (Florida), Santos et al. (2009) reported
SGD-derived DOC ﬂuxes 2 times smaller than our values
10 G. Chaillou et al.
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for similar volumetric SGD estimates. In the Okatee
Estuary (South Carolina), Moore et al. (2006) measured
high inputs of C – 1440 kg DOC/d and 16 800 kg DIC/d
– based on ﬂows greater than 1 m3/s. More recently, Liu
et al. (2011) measured SGD contributions of DIC that
were a hundred times greater than those in Martinique
Bay, but their study site was located in a carbonate sys-
tem on the northern South China Sea, where summer
monsoons cause high fresh groundwater ﬂows (~ 2.5 ×
103 m3/s). Thus, it is reasonable to assume that sandy-
beach SGD-derived ﬂuxes contribute to regional and glo-
bal carbon budgets. Once reaching coastal waters, carbon
could be consumed by biological production; thus, the
net effect of SGD-driven DIC and DOC ﬂuxes would be
modulated. This modulation will depend on the origin
and reactivity of the exported carbon. Further investiga-
tions are needed to determine the source of carbon in
Martinique Bay, as this may clarify whether carbon in
SGD is from recycled marine matter or degraded terres-
trial organic carbon.
Conclusion
In the studied zone, Darcy estimates led to an SGD ﬂow
that ranged from 0.021 m3/s (or 1.6 m3/m/d) at the
shoreline to 0.029 m3/s (or 3.8 m3/m/d) at the beach
face. Direct measurements by seepage meters revealed
higher SGD ﬂows, with a mean value of 0.085 m3/s (or
6.1 m3/m/d). These ﬂuxes were consistent with each
other and with previous mass-balance estimates based on
an average recharge rate to the water table and average
annual precipitation. Based on total SGD volumetric
ﬂuxes, the total DIC and DOC ﬂuxes exported could be
around 1242 and 147 kg/d, respectively. Because the
unconﬁned aquifer of Martinique Beach is a biogeo-
chemically reactive zone, carbon is mineralized along the
ﬂow path. This explains why groundwater-borne carbon
accounted for less than 1 and 5% of total DIC and DOC
ﬂuxes, respectively. Fresh groundwater here is clearly
not the source of carbon, but it is a pathway for DIC
and DOC produced in the beach to reach the coastal
ocean. Our results demonstrate that sandy beaches are an
important source of organic and inorganic carbon to the
coastal ocean. However, to better quantify SGD-derived
ﬂuxes, the biogeochemical complexity of sandy beaches
must be closely examined over larger areas and greater
time scales. In northern regions where snow and ice
cover beaches for a few months of the year, assessments
of seasonal changes in the beach ﬂow regime and the
production and release of DIC and DOC are critical to
determine the impact that northern systems have on
regional and global carbon budgets. This site-speciﬁc
study is the ﬁrst attempt to estimate volumetric and
chemical groundwater ﬂuxes to coastal Canadian waters.
It highlights the importance of combining knowledge of
marine chemistry and hydrogeology in formulating an
adequate management approach for coastal aquifers and
adjacent coastal ecosystems.
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